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Colloidal semiconductor nanocrystals (NCs) have attracted considerable 
research attention due to their unique optical properties and potential 
applications in various research areas. Recent developments in the field have 
moved towards more complex structures having controlled physical and 
chemical properties. 
This thesis explores different surface engineering strategies with respect to 
colloidal semiconductor nanocrystals (NCs) for the systematic, hierarchical 
build-up of novel nanoheterostructures incorporating multiple functionalities 
for potential application in diagnostics. In the first part of this thesis, the 
growth behavior of silica on the surface of anisotropic semiconductor 
nanostructures was investigated. It was found that site-selective encapsulation 
of the core region of branched semiconductor tetrapod nanostructures with 
silica can serve as a protective shell over the radiative core region while the 
heterogeneous nucleation and growth of a secondary material at the arms of 
the tetrapod was carried out. This facilitated the fabrication of structurally 
well-defined nanocomposites capable of dual emission at both visible and IR 
wavelengths, as well as particles which exhibit both fluorescence and strong 
magnetic response. Additionally, excellent synthetic control over the silica 
shell morphology on anisotropic semiconductor nanostructures such as 
nanorods and tetrapods was achieved by varying the concentration ratios of 
precursorsused for the silica shell encapsulation, resulting in uniform SiO2-NC 
nanocomposites with shapes ranging from spheres, rods, and tetrapods to 
prisms, which is not easily achieved by direct synthetic routes. Removal of the 
interior semiconductor structure via acid-based etching resulted in hollow 
silica structures such that the volume and shape of their hollow interior were 
well controlled. These hollow structures were further assessed and explored as 
potential drug-delivery vehicles. In the second part of the thesis monodisperse, 
high quantum yield spherical semiconductor core/shell CdSe/CdZnS NCs with 
a wide range of emission colors and seeded CdSe/CdS nanorods were 
synthesized. An octylamine modified polyacrylic acid was synthesized and 
 viii 
 
employed to impart water dispersibility to both spherical and anisotropic NCs. 
The carboxylic acid groups on polymer backbone also helped to facilitate 
further conjugation of the NC to a diverse library of biomolecules such as 
streptavidin. Starting with these functionalized building blocks, a unique 
strategy was devised in order to obtain exquisite control over the 
stoichiometry of the active surface functional groups on each NC. 
Immobilization of the streptavidin coated NCs onto a microsphere through a 
single biotinylated DNA that hybridized with a complementary strand 
previously coupled on the microsphere surface was accomplished. The 
remaining free-binding sites of the streptavidin were effectively blocked 
before releasing the NCs from the microsphere surface. Introduction of an 
azide or hexynyl group to each NC was accomplished through competitive 
DNA hybridization, i.e. monofunctional. Fabrication of semiconductor NC 
dimers was achieved through the Cu(I) catalyzed azide-alkyne cycloaddition 
reaction, suggesting that a relatively high yield of monofunctional NCs were 
initially obtained without post purification. Finally, a microfluidic platform 
was designed and fabricated based on the multilayer soft lithography 
technique, allowing for integration of components such as pneumatically 
activated valves and chambers capable of  performing multiple tasks including 
total RNA extraction, reverse transcription (RT), solid phase polymerase chain 
reaction (SP PCR) and fluorescence detection. Via suitable engineering of the 
surface functionality of nanorod/amphiphilic polymer conjugates, the highly 
sensitive detection of a histidine decarboxylase gene from a human white 
blood cell sample via this microfluidic platform was achieved. 
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Chapter 1  
Introduction 
 
Colloidal semiconductor nanocrystals (NCs), also termed quantum dots 
(QDs) are inorganic nanoparticles with 1-10 nm in diameter, and consist of 
~100 to ~100,000 atoms in each particle. Due to their small size, 
semiconductor NCs are subjected to strong quantum confinement, resulting in 
discrete electronic energy levels. They thus exhibit unique size and shape 
dependent optical properties different from those of bulk semiconductors and 
those of discrete molecules.1 Semiconductor NCs have been demonstrated to 
possess high quantum yields2 as well as high photostability3,4 compared with 
organic dyes. Additionally, their fluorescence emission wavelength can be 
continuously tuned by changing their size and a single wavelength can be used 
for the simultaneous excitation of different-sized NCs because of their nearly 
continuous absorption spectrum at high energies.5 NCs have also been proven 
to have a significantly larger absorption cross-sections than their organic dye 
counterparts, thus potentially possessing higher action cross-sections.6 Due to 
their distinctive photoluminescence and electroluminescence properties, 
extensive study on quantum dot have given rise to various applications in area 
















1.1 Electronic and Optical Properties of Semiconductor Nanocrystals 
In bulk semiconductors, instead of having discrete energies as in the case 
of atoms or molecules, the electronic states form bands as shown in Figure 1.1. 
The filled and unfilled electronic bands refer to the valance and conduction 
bands, respectively. The energy difference between the lowest edge of the 
conduction band and the highest edge of the valence band is defined as the 
band gap (Eg). An electron can be promoted from the valence band to the 
conduction band when an energy higher than the band gap is given, leaving a 
positively charged “hole” in the valence band. The electron and hole are 
attracted to each other by the electrostatic Coulomb force, forming a bound 
state called exciton. As the size of NCs decrease below the bulk exciton Bohr 
radius (5.6 nm for CdSe NCs), the effects of quantum confinement in all three 
spatial dimensions becomes significant, resulting in discrete energy levels in 


















Figure 1.1 Schematic illustration of the electronic structure in semiconductor 
nanocrystals. The electronic structure of NCs is between molecule and bulk solid. 






Additionally, the band gap also varies as a function of the nanocrystal 
size,3 which can be quantitatively understood by consider a particle in a sphere 
model in which the carriers are confined to a potential well where the 
boundaries is infinite. Solving the energy for the first excited state gives: 
                                              ࡱ૚࢙ ൌ ࢎ૛/ૡ࢓ࢋࢌࢌࢇ૛                                        (1.1)                                
Where “࢓ࢋࢌࢌ” is the effective mass of the carrier and “ࢇ” is the radius of 
the spherical nanocrystal. After getting promoted to the conduction band, 
electrons recombine quickly with holes, emitting photons with energy 
corresponding to that of the band gap. According to Equation 1.1, the first 
excited energy is a function of the particle size. Therefore, a decrease in the 
size of NCs results in the blue-shifting of its band-edge emission and 
absorption as illustrated in Figure 1.2(a). Although a wide variety of NCs are 
available (CdS, PbSe, ZnSe, InP etc.), we limit our discussion to well-studied 
CdSe NCs. Correspondingly, as illustrated in Figure 1.2(b), the band-edge 
transition in CdSe NCs red shift with their increasing sizes.3 Furthermore, the 
nearly continuous absorption profile at energy higher than their band-edge 
transition is also observed. This allows different-sized CdSe NCs to be 
simultaneously excited with a single wavelength. As shown in Figure 1.2(c), a 
series of NCs with different sizes dispersed in hexane are excited at 365nm, 
exhibiting a wide range of colors in the visible range. It is also worth to note 
that the presence of prominent features and pronounced peak in the absorption 







































Figure 1.2 The size dependent optical properties of CdSe nanocrystals. (a) Schematic 
illustration of the increased spacing between the conduction band and valence band as 
the decreasing size of NCs resulting from the quantum confinement. (b) Absorption 
spectra of CdSe NCs showing the red shift of the first absorption peak as increasing 
size of NCs, indicating the smaller band gap.3 (c) Photograph of CdSe NCs in hexane 
excited with a single light source, illustrating a wide range of colors in the visible 











1.2 Synthesis and Shape Control of Colloidal NCs 
The synthesis of monodisperse colloidal NCs with well-defined size, shape 
and compositions by wet chemical approach has been extensively studied over 
the past few decades. The hot injection method, first introduced by Murray et 
al in 1993,3 is one of the most widely adopted technique to produce colloidal 
NCs. In this method, NCs are synthesized via the thermal decomposition of 
organometallic precursors at high temperatures in a coordinating solvent, 
which provides a ligand shell that control the growth of the nanocrystals. 
Reaction parameters such as ratio of precursors, choice of stabilizing ligands, 
injection temperature and growth time can be used to control the final size and 
shape of the NCs. A brief summary of the synthesis of CdSe NCs is presented 
below as an example. Organometallic precursors are mixed with 
trioctyphosphine (TOP) and rapidly injected into a coordinating solvent 
(trioctylphosphine oxide (TOPO)) at elevated temperature according to the 
experimental setup shown in Figure 1.3(a). Small nuclei are formed due to the 
pyrolysis of the precursor and a rapid rise in monomer concentration. The 
mixture of TOP and TOPO in this case functions as both solvent and 
stabilizing agent, which provide effective control over the nanocrystal growth 
kinetics and also serve to stabilize the nanocrystals in a variety of non-polar 
solvent after purification as illustrated in Figure 1.3(b) If the nucleation of all 
the NCs in the reaction occurs simultaneously right after the injection of the 
precursor at elevated temperature, then no new nuclei will be formed when 
temperature decreased and thus, the growth rates for various nuclei will be 
similar. The separation of nucleation and growth stages is the key factor for 
achieving monodisperse colloidal NCs.  
The originally used organometallic precursors for the synthesis of CdSe 
NCs such as dimethylcadmium were extremely toxic, expensive, unstable, 
explosive and/or pyrophoric, thus “greener” wet chemical approaches have 
been developed later using safer precoursors.13-15 The resulting NCs of those 
newly developed methods exhibit enhanced quantum yields and narrow size 
distributions. Some of these methods, in which cadmium acetylacetonate 
(Cd(acac)2)16 and cadmium oxide (CdO)13 are used as the cadmium precursor, 





1.3(c) is a transmission electron microscope (TEM) image of as-synthesized 




















Figure 1.3 (a) An illustration of the experimental setup for synthesis of colloidal 
semiconductor NCs via hot inject method (b) An illustration of single NC stabilized 
by the surface ligand trioctyphosphine oxide (TOPO) (c) Representative TEM image 















Due to the relatively high surface energy that may be understood from 
considering the large surface-to-volume ratio of such small particles, as-
synthesized NCs tend to aggregate, especially under harsh conditions such as 
heat or intense UV irradiation. In addition, though the surface atoms are 
partially passivated via the stabilizing ligands in solution, NCs generally 
possess surface trap states. These trap states open up non-radiative pathway 
for photogenerated charge carriers, and thus reducing the fluorescence 
quantum yield (QY). An important strategy to improve the surface passivation 
of NCs is epitaxial growth of a wider band gap semiconductor as a shell 
around the NCs, which was first introduced by Hines et.al. in 1996. 17 
Typically, growth of the semiconductor shell is performed by dripping the 
shell precursors into a dilute solution of NC cores at sufficiently low 
temperatures to prevent the homogeneous nucleation of the precursors or 
Ostwald ripening of the NCs. The shell not only provides enhanced surface 
passivation to increase the fluorescence QY but also acts as a protective layer 
against photo-oxidation, thus improving the stability of resulting NCs. Various 
colloidal semiconductor core/shell structures have been reported such as 
CdSe/ZnS,18 CdSe/CdS19 , ZnSe/ZnS20 and CdS/ZnS21 Core/shell/shell 
structures with even better photostability and QYs such as CdSe/CdS/ZnS, 
CdSe/ZnSe/ZnS,22 and CdSe/CdS/Zn0.5Cd0.5S/ZnS23 have also been developed 
recently. The middle shell offers a relatively lower lattice mismatch with the 
core surface, allowing strain relaxation between the inner core and the outer 
shell in order to further improve the quantum efficiencies. 
Besides the spherical nanoparticles that have been well studied over the 
past two decades, the developments in the wet-chemical synthesis of colloidal 
NCs have been focused on the fabrication of more complex structures of 
different shapes and material compositions.24 NCs with shapes including 
rods,25 cubes,26 disks,27 stars,28 tetrapods,29 and hyperbranched morphologies30 
have been synthesized (Figure 1.4) through judicious choice of  reaction 
conditions such as suitable precursors, temperatures and stabilizing reagents. 
Growth of more complicated shapes is often achieved by tuning the relative 
addition rates of monomer to different facets of the crystal.31 For instance, 





addition of monomer to these facets, resulting in anisotropic nanocrystal 
growth.25 These anisotropic nanostructures exhibit unique controlled physical 


















Figure 1.4 Examples of colloidal NCs with different shapes: TEM images of (a) 
CdSe/CdS nanorods,25 (b) CdTe tetrapods,29 (c) PbS Stars,28 (d) PbSe cubes,26 (e) 



















1.3 Surface Modification and Bioconjugation of Colloidal NCs 
As discussed above, as-synthesized colloidal NCs from the hot injection 
method are normally stabilized with hydrophobic ligands such as TOPO and 
soluble in non-polar solvent such as toluene or hexane. A critical step towards 
the biomedical applications of these particles is the modification of their 
surface to be compatible with a biological environment. This modification not 
only provides colloidal stability of the quantum dots in aqueous media but also 
incorporates a number of surface functional groups that are able to conjugate 
to a diverse library of molecules for various applications. While a wide range 
of surface modification strategies have been developed over the past decades, 
they can be classified into two categories, namely ligand exchange and 










Figure. 1.5 Schematic illustration of surface modification strategies of semiconductor 


















1.3.1 Ligand Exchange 
Direct ligand exchange is a process which involves replacing the native 
hydrophobic ligands on the NCs surface with hydrophilic ligands. It is 
necessary that the hydrophilic ligands have a binding group with higher 
affinity for the NCs surface. The most widely-used anchoring groups are thiol 
or dithiol for Cd, Zn and Pb chalcogenide-based NCs. Amines, and 
phosphonic acids have also been chosen for this method. Different types of 
ligands used for ligand exchange are depicted in Table 1.1.  
 
Table 1.1. Representative examples of ligands used for ligand-exchange  
 
Category Representative ligand Reference 
Monothiol-terminated 
alkyl carboxylic acids 



































1.3.1.1 Thiol-terminated alkyl carboxylic acids 
Since Nie’s group first reported water-soluble CdSe/ZnS core-shell NCs 
via ligand exchange with mercaptoacetic acid (MAA),35 monothiol-terminated 
alkyl carboxylic acids including mercaptopropionic acid (MPA),36 
mercaptoundecanoic acid (MUA),37 have also been adopted to produce water-
soluble NCs. However, the colloidal stability of resulting NCs is normally 
poor due to the dynamic binding interactions between the thiol and surface 
semiconductor atoms. Bidentate ligands, such as dihydrolipoic acid 
(DHLA)38,39 and dithiocarbamate,40 were subsequently introduced  to provide 
better colloidal stability which may be attributed to the increased number of 
anchor points and thus increased affinity of the ligands for the NCs surface. 
Nonetheless, the stability of NCs capped with thiolate ligands is strongly 
affected by the solution environment. These ligands are protonated and 
dissociated from the inorganic surface under lower pH value,41 resulting in the 
aggregation of NCs and the decrease of their fluorescence QY. Moreover, the 
solvent-exposed carboxyl groups in these ligands are required to be ionized to 
provide electrostatic stabilization, which also limits the solution to alkaline 
conditions. Another drawback associated with thiol-terminated alkyl 
carboxylic acids is the non-specific adsorption to positively charged proteins, 
antibodies and cell surface through electrostatic interaction. Polyethylene 
glycol (PEG) derivatives have been shown to overcome those problems 
mentioned above.42 Instead of electrostatic stabilization, the ether groups, 
forming the back bone of the PEG chains, impart water solubility via 





PEG chains offer colloidal stability over a wide pH range and salt 
concentrations. As shown in Figure 1.6, the design of the PEG derived DHLA 
ligands combines the benefits of high NC surface affinity of dithiol with the 
higher water stability and easier functionality conferred by the PEG 
fragment.43 Additionally, PEGs have been shown to reduce nonspecific 
binding to proteins, antibodies and cell surfaces, which are induced by the 













Figure 1.6 Schematic demonstration of the modular design of DHLA-PEG based 
hydrophilic ligand for water solublization and surface functionalization of NCs. 43  
 
1.3.1.2 Other thiolated ligand 
Besides the thiol-terminated alkyl carboxylic acids and their derivatives 
discussed above, other thiolated ligands are also widely used. Thiolated 
dendron ligands are three-dimensional, hyper-branched organic 
macromolecules consisting of a central focal point that is used as binding site 
to the NCs surface and an exponentially increasing number of outer functional 
terminal groups.44 A thin ligand shell, which is formed through the steric 
crowding and close packing of dendrons, slows down the diffusion of small 
molecules or ions to the NC surface to provide sufficient photochemical 
stability. The stability of the dendron ligand shell has been shown to be further 
improved by cross-linking the dendrimers to form dendron boxes.45 An 





domains have been incorporated to the peptides including surface coordinating 
domains, water solubilizing domains and specific targeting or functional 
domains.46 A one-step route to accomplish both water solubilization and 
biofunctionalization has been achieved through this approach. 
 
1.3.1.3 Amine and Phosphine Containing Ligands 
Other than the thiolated ligands that normally provide good affinity to the 
NC surface, amine and phosphine containing ligands have also been 
demonstrated as surface-functionalizing ligands with respect to the NCs. 
Poly(ethyleneimine) (PEI), a multidentate amine containing polymer, 
effectively transfer hydrophobic NCs into the aqueous media, and generally 
provides good dispersibility in polar solvent.47 Wang et al. introduce a 
multidentate diblock copolymer, poly(ethylene glycol-b-2-N,N-
dimethylaminoethyl methacrylate) (PEG-b-PDMA) with pendent tertiary 
amine groups, providing high affinity to effectively passivate the NC 
surface.48 In order to prevent the dramatic decrease of QY resulted from the 
ligand exchange process, the Bawendi group developed multidentate 
oligomeric phosphine (oxide) ligands that consisted of three sublayers, an 
inner phosphine layer attached to the NC surface, a linking layer, and an outer 
functionalized layer to facilitate water solubility.49 Unlike the highly labile 
monomeric alkyl phosphines such as native TOPO/TOP, these multidentate 
ligands provide better surface binding, resulting in  chemically stable quantum 
dots with QYs as high as 40%. 
One of the major advantages of the ligand exchange is that the NCs 
resulted from this strategy can potentially possess a smaller hydrodynamic 
diameter, which is required in most of the in vivo applications for easier 
uptake and clearance. However, a number of drawbacks associated with the 
ligand exchange process, such as poor colloidal stability, reduced QY as well 
as an intricate synthesis procedure, limit the use of these methods. 
 
1.3.2 Silica Encapsulation 
Silica shell encapsulation, a variant of ligand exchange, is another desired 





linked polymer layer onto the surface of NCs. The silica shell is extremely 
resistant to desorption, therefore making the silica coated NCs highly stable in 
aqueous media. Additionally, the silica shell can be further modified to 
facilitate the conjugation with a number of biomolecules through well-
established silane coupling chemistry. There are generally two silica coating 
strategies, direct ligand exchange (surface silanization) or indirect 
encapsulation (sol-gel process, microemulsion, micellization of siloxane 
surfants).50  
 
1.3.2.1 Surface Silanization 
Surface silanization, which comprises mainly two steps, is a widely used 
method for silica shell formation over the NC surface.  As demonstrated in 
Figure 1.7, the first step of this process involves direct ligand exchange 
between the native hydrophobic surface ligand with thiol-derived silane 
primer molecules, such as (3-mercaptopropyl)trimethoxysilane (MPS). The 
following shell growth can be accomplished by either addition of sodium 
silicate solution51 or by direct cross linking of the silane primer itself to form a 
dense siloxane shell.52 The stöber process,53 which is the base-catalyzed 
hydrolysis and condensation of tetraethoxysilane (TEOS), can be used for 
further shell growth. CdTe NCs were encapsulated in 40-80 nm silica spheres 
by this method.54 However, this method requires water-soluble NCs as starting 
material and results in a broadened emission profile and decreased 
fluorescence QY. Secondary silane such as aminopropylsilanes (APS) 
phosphosilanes and polyethylene glycol(PEG) silane can be added during the 
following shell growth to improve water solubility and to provide chemical 







































Figure 1.7 Schematic illustration of the silanization method. The native surface 
ligand of TOPO-capped NCs are first replaced by MPS. The methoxysilane groups 
(Si-OCH3) hydrolyze into silanol groups (Si-OH), followed by silanol-silanol 
bridging to convert them into siloxane bonds. Various of secondary fresh silane 
precursors containing a functional group (F = -SH, -NH2, -PO-(O-)CH3) are 
incorprated into the shell to achieve different surface functionalities. 52 
 
 
1.3.2.2 Water-in-Oil Microemulsions 
Water-in-oil microemulsions, also termed reverse microemulsions, is one 
type of microemulsions consist of domains of water and organic solvent (oil) 
separated by a surfactant layer. In this system, the water domains are usually 
nanometer-sized droplets confined within bulk oil by the surfactant micelles, 
forming stabilized microcavities. The ability of microemulsions to efficiently 
dissolve both polar and nonpolar reagents as well as pre-synthesized 
nanocrystals provides sufficient flexibility for the encapsulation process and 
shows excellent control over silica nucleation that is limited to the interior of 
the nanometer-sized droplets. One of the major advantages of the 
microemulsion process is that the as-synthesized hydrophobic NCs can be 





number of approaches toward silica coating of NCs have been developed 
including encapsulation of pre-synthesized NCs and in situ silanization after 
formation of the core in the droplets.57 
As shown in Figure 1.8, the mechanism of direct silica encapsulation of 
the pre-synthesized NCs capped with hydrophobic ligands such as amino alkyl 
chains has recently been proven to be a ligand exchange process. The native 
surface ligands were replaced by both hydrolyzed TEOS and surfactant 
molecules, facilitating the transfer of the NCs into the water domain where the 
hydrolysis and condensation of silica precursor took place.58 NCs with 
different shapes and compositions have been shown to be individually 
encapsulated within a shell of silica by this method.59-61 In addition, 
encapsulation of both magnetic nanoparticles (γ-Fe2O3) and fluorescent NCs 
(CdSe) has been successfully achieved, resulting in nanocomposite with 













Figure 1.8 Schematic illustration of the encapsulation mechanism of as-synthesized 












1.3.3 Amphiphilic Ligands Encapsulation 
Instead of a complete replacement of the native hydrophobic ligand, the 
encapsulation of NCs with amphiphilic surfactants uses those molecules as 
binding intermediates. The hydrophobic section of the ligand, normally a long 
alky chain, intercalates with the hydrophobic ligands on the NC surface while 
the hydrophilic section, such as carboxyl, amine groups and/or PEG segments, 
is exposed to the surrounding aqueous solvent, thus enabling water 
dispersibility. The outmost layer can be then modified with functional group 
for further conjugation with other molecules.63 (Figure 1.9) Typical ligands 
used for surface encapsulation are depicted in Table 1.2.  Surfactants such as 
phospholipid,64 α-cyclodextrin,65 n-alcanoic acids,66 cetyl-trimethylammonium 
bromide67 and fatty acids68 have all been demonstrated to be able to transfer 
hydrophobic NCs into water. However, due to the relatively weak interaction 
of the single or double hydrophobic tails with the NC surface, the resulting 
NCs normally exhibit poor stability when subjected to a biological 
ecvironment.63 Amphiphilic block co-block polymers, which possess multiple 
hydrophobic side chains within a single polymer chain show enhanced 
intercalation affinity with the surface hydrophobic ligands due to the increased 













Figure 1.9 Schematic demonstration of the structure of amphiphilic polymer-
coated semiconductor NCs with functional group F on the outmost surface. 





Table 1.2. Representative examples of ligands and polymers used for 
encapsulation of NCs 
 

























Wu et al. demonstrated the use of an octylamine-modified polyacrylic 
acid (PAA) to effectively transfer the NCs from CHCl3 into water.69 40% of 
the carboxylic acid groups in the PAA backbone were converted to 
alkylamides side chains with octylamine, which interact with TOPO/TOP 
ligands on the NC surface. The remaining unmodified carboxylic acid groups 
on the PAA backbone impart water solubility. Snee’s group further modified 
this method by starting with synthesis of PAA via Reversible Addition-
Fragmentation Chain Transfer (RAFT) to achieve enhanced size control.70 
After 40% octylamine modification and hydrolysis of the RAFT agents that 
reversibly bind to the end of the polymer chains, they demonstrated that the 
polymer could disperse NCs as well as magnetic Fe2O3 nanoparticles in water. 
Other than the carboxylic acid groups on the PAA chains, an additional benefit 
from this polymer is that the head thiol group resulting from the hydrolysis of 
the RAFT agent can also be used for further conjugation with a diverse set of 
molecules. 
Apart from the PAA-based polymers, Pellegrino et al. employed 
poly(maleic anhydride alt-1-tet-radecene) (PMAO) which contains anhydride 
rings in the polymer backbone and  hydrophobic alkyl side chains to generate 
an amphiphilic co-polymer.71 This polymer encapsulates the NCs through the 
nonspecific hydrophobic interaction between the alkyl side chains of the 
polymer and the native surface ligands of the NC. Addition of bis(6-
aminohexyl)amine results in the cross-linking of the anhydride rings around 
each NC to improve the affinity to the surface. The unreacted anhydride rings 
in the polymer are spontaneously hydrolyzed upon addition of water, resulting 





stability was achieved for NCs encapsulated in such a polymer due to the 
improved affinity of the cross-linked polymer shell to the NC surface, 
however, the degree of water dispersibility is still dependent on the 
electrostatic repulsion of the negatively charged polymer shells.  
Incorporation of PEG chains into PMAO was later employed to impart 
colloidal stability and reduce nonspecific absorption.63 Because the surface 
coating of these PMAO-PEG encapsulated NCs remains undisturbed, they 
have, to date, the highest reported photoluminescence QY in aqueous buffer 
solutions and are nearly identical to the as-synthesized hydrophobic NCs. 
Additionally, these NCs exhibit excellent colloidal stability over a wide pH 
range of 4-10 even at high salt concentrations. 
Compared with the NCs that are rendered water-dispersible using ligand 
exchange processes, polymer coated NCs normally suffer from significantly 
increased hydrodynamic size. To circumvent this obstacle, several smaller 
polymers have been adopted such as polystyrene-maleic anhydride (PSMA, 
MW 1700g/mol)72 and amine-terminated PEG (Jeffamines, 
MW<1000g/mol)73. NCs encapsulated with these polymers not only have 
good retention of their quantum yields in water, but also possess comparable 
hydrodynamic radii with those DHLA-PEG capped ones. 
Gao’s group74 developed an ultra-stable water-dispersible NCs by 
combining silica and amphiphilic polymer encapsulation. Hydrophobic 
CdSe/ZnS NCs were first individually encapsulated in a silica shell via a 
reverse micro-emulsion method. Surface functionalization with hydrophobic 
trimethoxy(oxy(octadecyl)silane (OTMS) then facilitate the subsequent 
coating of amphiphilic polymer (1,2-distearoyl-snglycero-3-
phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] (PE-PEG). This 
dual layer-encapsulation ensures the colloidal and optical stability of resulting 
NCs even under harsh chemical environments such as solutions at pH of 1.  
 
1.3.4 Bioconjugation Strategies 
Besides imparting water solubility, a suitable ligand candidate should 
enable the chemically stable attachment of diverse biomolecules such as 





polysaccarides and peptides onto the NC surface. The following strategies are 
commonly used for the conjugation: (1) direct attachment of the thiolated 
peptides or coordinated molecules having affinity to the surface atoms (such 
as Zn) of NCs.  (2) electrostatic self-assembly of positively charged protein. (3) 
covalent coupling between carboxyl groups and amines through 3-(3-
dimethylaminopropyl)carbodiimide (EDC) coupling or between primary 
amines and sulfhydryl groups through succinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (SMCC) coupling. The detailed 
description for bioconjugation strategies can be found in the previous reviews 
and books.75 
 
1.4 Applications of NCs 
 
1.4.1 Biological Applications 
Compared with conventional fluorophores, the most attractive optical 
properties of NCs include improved photostability, high quantum yield, broad 
absorption with size-tunable, narrow, and symmetric photoluminescence (PL) 
profile, which allows excitation of different NCs at a single wavelength far 
away from their emissions. Thus, they have been widely adopted in various 
biological applications over the past few decades ranging from labeling and 
imaging to detection and sensing.9,10 
 
1.4.1.1 Cellular Labeling and in vivo Imaging 
One of the most attractive areas in the bio-application of NCs is cellular 
labeling and imaging since the pioneer work of Nie’s35 and 
Alivisatos’76groups in establishing the bio-compatibility of semiconductor 
NCs. For example, a successful attempt of specific labeling of Her2, a cancer 
marker overexpressed on the surface of some breast cancer cells, via the use of 
NC-streptavidin probes, has been demonstrated by Wu et al. (Figure 
1.10(a))69 The utility of these NC probes in staining cytoskeleton fibers such 
as actin filaments (Figure 1.10(b)) and microtubes (Figure 1.10(c)) inside 
cells has been shown as well. Researchers have also explored the possibility of 





3T3 cell and microtubules. NCs exhibit excellent stability against 
photobleaching, which allows visualization of targets under continuous high 
excitation light intensity over prolonged periods of time. In contrast, Alex 488, 
the most photostable organic dye reported, was bleached rapidly under same 
excitation condition as shown in Figure 1.10(d). Several other reports have 
also demonstrated the usage of NC labeling to study basic cellular processes 
such as long term cell lineage-tracing during the early stage division and 
development of Xenopus embryonic cell,64 tracking single cell behavior in 
response to starvation,77 and following the diffusion dynamics of  individual 













Figure 1.10 Demonstration of QD-probe used in cellular labeling.69 (a) detection of 
Her2 on the live cell surface with QD 608-streptavidin probes (red). Labeling of (b) 
F-actin filaments with QD 535–streptavidin (green) and (c) microtubes with QD 630–
streptavidin (red). (d) Photostability comparison between QDs and Alexa 488. Top 
row: Nuclear antigens were labelled with QD 630–streptavidin (red), and 
microtubules were labelled with AlexaFluor 488 (green) simultaneously in a 3T3 cell. 
Bottom row: Microtubules were labelled with QD 630-streptavidin (red), and nuclear 
antigens were stained green with Alexa 488. Alexa 488 was quickly quenched under 











One of the major challenges associated with in-vivo imaging is that the 
absorption and scattering by tissues, as well as their autofluorescence upon 
excitation. Near-infrared (NIR) emitting NCs have been shown to be able to 
overcome these problems. The tissue absorbance and scatter is in the 
wavelength region ~650-900 nm and an appropriate excitation wavelength can 
be chosen to minimize the tissue autofluorescence as NCs have broad 
absorption spectra. Near-infrared emitting CdTe/CdSe NCs were developed 
and employed in the real time mapping of sentinel lymph-node during 
surgery.79 Lymph nodes as deep as 1 cm in tissue was successfully imaged 
with a reduced background, thus allowing the surgeon to make a precise 
determination of the location of the sentinel lymph node before performing a 
biopsy. More recently, metal-doped InS2 NCs were developed for use in 
sentinel lymph node imaging of live mice with reduced toxicity by eliminating 
the use of cadmium-based NCs.80 Additionally, NCs have very large two 
photon absorption cross sections, about 100-1000x higher than that of 
conventional organic dyes. This allows deep tissue imaging using NIR two-
photon excitation. In vivo imaging of vasculature a hundreds of micrometers 
deep trough the skin of living mice have been shown by using this technique 
to excite 550 nm emiting CdSe/ZnS at 900 nm, showing high sensitivity and 
greater imaging depths than the standard fluorophore.81 
 
1.4.1.2 Detection and Sensing 
The use of semiconductor NCs as analytical tools in various sensing and 
detection applications has benefitted from their superior optical prosperities 
and advances in nanoparticle surface engineering. Most of these NC-based in-
vitro sensors were based on examing the emission changes of NCs upon 
electron transfer (ET) or fluorescence resonance energy transfer (FRET) while 
other designs were based on fluorescence detection use  the NC emission to 
track the interaction and binding with target molecules. 
In the case of ET-based detection in NCs, both electrons and holes of 
photoexcited NCs might participate in ET, prohibiting the recombination of 
the electron-hole pair.82 The effective quenching of the NC fluorescence 





presented, which allows the analysis of targets via following the changes in 
NC PL. The detection of metal ions such as Zn, Cu,83 Ag and Hg84 ions are 
some of the extensive studied examples. For such a detection scheme, the use 
of an appropriate surface capping ligand is critical to improve the selectivity 
of the sensing design. As a representative example, the thymine (T)-rich- or 
Cytosine (C)- rich- DNAs have been shown to selectively recognize Hg2+ and 
Ag+ ions, respectively. The DNAs on the NC surface undergo a structural 
transformation from single strand to a hairpin conformation in the presence of 
metal ions, trapping the ions inside the hairpin structure. This effectively 
brings metal ions close to the NC surface, resulting in quenching of the NC 
emission via ET (Figure1.11).84 Investigation of  interaction between the 
redox active group and NC via a peptide bridge shows that effective 
quenching of the NC emission through ET is also achieved by matching the 
oxidation levels of QDs and metal complex.85 As demonstrated in Figure 1.12, 
this redox induced quenching process have been applied to track changes in 
cytoplasmic pH of live cell by using NC-dopamine-peptide bioconjugate due 











Figure 1.11 Schematic illustration of the design for optical analysis of Hg2+/Ag+ ions 






Figure 1.12 Schematic illustration of the design of dopamine–peptide conjugated QD 
for pH sensing via electron transfer mechanism. At low pH, predominant 
hydroquinone act as a poor electron acceptor, resulting in low QD PL quenching. As 
pH increases, a hydrogen peroxide (H2O2) species was produced upon the oxidization 
of dopamine by the ambient O2. The increasing quinone concentration produces 
higher quenching efficiencies that directly proportional to the amount of quinone.86 
 
FRET is a process which involves non-radiative transfer of energy from a 
donor to an acceptor species when they are in close proximity to each other 
and the absorption of the acceptor overlaps spectrally with the emission of the 
donor. The FRET efficiency is strongly dependent on the distance between 
donor and acceptor (inverse sixth power of their separation distance). By 
manipulating the interaction between the analytes and NCs, the presence of, 
concentration changes and activity of the analytes can be captured in a FRET-
based optical signal readout. As a specific example, the detection of explosive 
2,4,6-trinitrotoluene (TNT) was accomplished by monitoring the emission 
changes of NCs upon binding to TNT.87 As indicated in Figure1.13, in the 
presence of the TNT, the binding between the fluorescence quencher TNB-
BHQ-10 and NC-TNB2-45 conjugate was release due to the higher binding 
affinity of the TNT to the conjugate, resulting in an increase in NC 
fluorescence intensity. NC-based FRET has also been shown to be useful in 
DNA detection, which can be described as follows: a target DNA sequence 





reporter probe. Upon binding to an NC-streptavidin, effective FRET between 
the NC650 and Cy5 was observed.88 Compared to the traditionally used 
organic fluorophores, the efficiency of FRET in this design can be 
significantly improved when multiple molecules are bound to the surface, 
leading to several acceptor dyes interact with one NC donor.89 Moreover, the 
detection limit was found to be as low as 4.8 fM, compared with 0.48 pM 
using organic fluorophores. There has also been a tremendous amount of 
reports for using NC-based FRET in various sensing schemes including pH 
































Figure 1.13 (a) Schematic diagrams showing the design of the assay for detection of 
the TNT through FRET. (b) The result of the assay showing recovered QD PL 










1.4.1.3 Drug Delivery and Therapy 
Owing to the unique optical properties and well extablished surface 
functionalization techniques, NC-based nanocomposites have been considered 
as excellent candidates for drug delivery due to the potential of combining the 
capacity for drug loading, identification, targeting, controlled release and real-
time trajectory monitoring into one single nanocomposite.93 
One of the strategies previously explored involved the direct use of 
functional NCs as detectable drug vehicles. The delivery of the anti cancer 
drug doxorubicin (Dox) was demonstrated by Baqalkot et al.94 In this 
experiment, RNA aptamers against prostate specific membrane antigen 
(PSMA) were linked to NCs as a targeting unit and Dox was loaded within the 
double-stranded CG portion of the aptamers. The monitoring of drug loading 
and release was achieved by a “Bi-FRET” design where NCs and Dox were 
both effectively quenched by Dox and aptamer, respectively (Figure 1.14(a)). 
Upon uptaking of the nanocomposite by the PSMA-expressing prostate cancer 
cells, recovery of both red Dox and green NC fluorescence indicated the 
successful release of Dox (Figure 1.14(b)). In addition, delivery of small 
interfering RNA (siRNA), a class of double-stranded RNA molecules 
interfering with the expression of specific genes, has been extensively studied 
























Figure 1.14 Schematic illustration of QD-Apt(Dox) Bi-FRET system. The loading of 
Dox within the A10 PSMA aptamer on the surface of QDs results in quenching of 
both QD and Dox fluorescence through a Bi-FRET mechanism, indicating in the 
“OFF” state. (b) Schematic illustration of specific delivery of QD-Apt(Dox) 
conjugates into target cancer. Upon release of Dox from the QD-Apt(Dox) 
conjugates, the fluorescence from both QD and Dox recovered, showing “ON” 
state.94 
 
A more common and straightforward application of NCs in drug delivery 
is the utilization of NCs as stable fluorescent reporters to label a conventional 
drug carrier such as liposome or polymer-based carriers for long-term and 
real-time monitoring of drug transport. Weng et al. has demonstrated the 
assembly of NC-conjugated immunoliposome-based nanoparticles (NC-ILs) 
with key functions such as targeting, reporting, and drug delivery.96 
Fluorescence reporter NCs and targeting ligands such as anti-Her2 single 
chain Fv fragments were chemically linked to amine-functionalized N-
(polyethyleneglycol)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine (PEG-
DSPE) and incorporated into extruded liposomes. Upon loading with 
anticancer drug Dox, the NC-IL conjugates showed excellent anticancer 
activity. The localization of NC-ILs at tumor sites was verified by the 



















Figure 1.15 Schematic demonstration of the structure of a NC-IL nanoparticle. 
Surface-derivatized NCs were chemically linked to the liposomal core through a 
PEG-DSPE segment. Tumor targeting moiety anti-HER2 single chain Fv fragments 
(scFv, arrowheads) were attached to the end of PEG chains.96 
 
1.4.2 Technological Applications 
Aside from the biological applications, extensive research has also been 
carried out by applying the unique photoluminescence, electroluminescence 
and photovoltaic properties of NCs in displays,97 solar cells,8 photodetectors98 
and lasers.99 These devices exhibit improved performance by using NCs as the 
active layer and show great potential for commercialization. 
 
1.5 Thesis Overview 
Although a lot of progress has been made on the research of NCs over the 
past few decades, there are still many unaddressed challenges in the area of 
synthesis, surface engineering and application associated with these complex 
nanomaterials. The numerous reported examples of different surface 
modifications and applications discussed in section 1.3 and 1.4 are mostly 
limited to spherical semiconductor NCs. Current developments in the wet-
chemical synthesis of NCs, however, have increasingly been focused on the 





structural properties.24 Little is known about the behavior of those surface 
modification strategies on geometrically complex semiconductor 
nanostructures such as rod and tetrapods. Additionally, the possibility of 
utilization of anisotropic nanostructure in biological applications and their 
performance compared with the spherical NCs has not been well studied. 
One challenge associated with the deposition of a secondary material on 
an anisotropically shaped semiconductor nanoparticle is the topological 
selectivity of the deposition process. This is important because the location of 
the secondary material on the host semiconductor nanoparticle can 
dramatically affect its properties. Engineering the surface functionality of such 
anisotropic NCs is important to add the secondary functional component to the 
existing NC in a controlled way, resulting in multifunctional nanostructures 
whose properties derive from each component. Additionally, via prudent 
surface engineering, it should be possible to achieve NCs with surface 
functional groups of well-defined stoichiometry. This thesis explores different 
surface engineering strategies on anisotropic semiconductor nanoparticles to 
address the issues mentioned above.  
Chapter 2 investigates the growth behavior of silica on anisotropic 
semiconductor nanostructures and found surprisingly that site-specific 
encapsulation of distinct regions of the semiconductor structure occurs under 
conditions of low silica precursor concentration. We demonstrate that in the 
case of CdSe seeded CdS tetrapods, growth of a silica shell exclusively around 
the CdSe core region prevents chemical reactions from taking place at that 
site. This allowed for the fluorescence from the CdSe core to be preserved 
during the growth of secondary functional materials at the arms of the 
tetrapod, thus facilitating the successful fabrication of hybrid multifunctional 
nanostructures such as Ag2S-tipped CdSe/CdS with dual emission at both 
visible and IR wavelengths, as well as Au/FexOy-tipped CdSe/CdS tetrapods 
with both fluorescent and magnetic properties. These examples collectively 
highlight the exploitation of silica as a site-specific protective shell that may 
be used towards the systematic build-up of multifunctionality in 
nanostructures, thus providing a powerful synthetic avenue for the 





In Chapter 3, we extend the conventional silica encapsulation methods 
that were previously used for spherical QDs to the anisotropic semiconductor 
nanostructures and develop a facile method for the fabrication of 
monodisperse silica nanostructures with a hollow interior of different sizes 
and shapes by utilizing these semiconductor nanostructures of various 
morphologies as template. By varying the concentration ratios of precursors 
used for the silica shell encapsulation, good control over the morphology of 
the resulting silica-semiconductor nanocomposite was achieved. The 
semiconductor moiety was subsequently chemically etched away without 
affecting the silica shell, resulting in uniform silica nanostructures with hollow 
interiors of defined geometry. Such structures expand on the range of shape 
complexity in hollow silica nanoparticles, which may enable newfound 
applications in drug delivery and chromatography. 
 Chapter 4 presents a novel method for designing and fabricating 
semiconductor NC dimers covalently linked through a “click-based” linker. 
As-synthesized hydrophobic NCs were coated with an amphilic polymer to 
facilitate their solubilization in water as well as further conjugation to 
streptavidin. The stepwise dimer formation involves the assembly and 
disassembly of streptavidin coated NCs at a DNA-functionalized solid support 
surface to attach controlled number of “click-based” DNA linker to the NC 
surface. Subsequent classic click chemistry was employed to covalently link 
the NCs. This method efficiently imparts particles with controlled number of 
functional ligands on their surface. In this work, we showed that by putting a 
single functional group on two different populations of NCs and then allowing 
them to undergo “click” bonds, remarkably high yields of NC dimers were 
obtained.  
In Chapter 5, we describe a microfluidic system that integrates RNA 
extraction, reverse transcription (RT) to complementary DNA (cDNA), 
amplification via solid phase polymerase chain reaction (SP PCR) and 
detection in one disposable device to detect histidine decarboxylase (HDC) 
gene directly from human white blood samples. When the elongated 
semiconductor nanorods are used as the fluorescent probes, the detection limit 





quantum dots or organic dye. This type of integrated microfluidic system, 
when combined with semiconductor nanocrystals, may find potential utilities 
in multitarget diagnostics and biomedical imaging. 
Finally, Chapter 6 offers a short overall conclusion to the thesis and a 
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Current developments in the wet-chemical synthesis of colloidal 
semiconductor nanocrystals (NC’s) have increasingly been focused on the 
fabrication of hierarchically complex structures of different shapes and 
material compositions. These range from the formation of different shape 
anisotropies1 to the incorporation of multiple components within the same 
nanostructure2 in order to derive unique properties or achieve 
multifunctionality. For example, the site-specific deposition of Au at both tips 
of a CdSe nanorod conferred a dramatic increase in its conductance3 while the 
single-tip growth of Co facilitated the exhibition of both magnetic response 
and detectable fluorescence from the resulting matchstick-like structure.4 
While the addition of a secondary particle whose properties complement that 
of an existing nanostructure may seem like a rational and straightforward 
strategy to deriving nanomaterials with a desired combination of 
physicochemical attributes, it is often the case that the heterogeneous growth 
of the new material can drastically affect the properties of the original 
nanostructure. In the case of anisotropic CdSe seeded CdS nanorods in which 
the CdSe core is asymetrically embedded within the larger bandgap CdS rod-
like shell,1a the CdS shell can serve as a spatial and energetic barrier to 
interaction with the second nanoparticle, and a significant amount of 
fluorescence originating from the CdSe core was obtained for Au-5 and Co-
tipped4 CdSe/CdS nanorods. While it would seem feasible that the selective 
deposition of Ag2S or Au/FexOy particles at the tips of such nanorods as 
previously reported by us6,7 should also allow for the retention of the 
fluorescence properties of the CdSe core, we found that exposure to the Ag or 
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Fe precursor resulted in an almost immediate quenching of the CdSe emission. 
This occurrence is not surprising given that even a few atom impurities at the 
vicinity of the CdSe core may be sufficient to suppress its fluorescence, as 
recently shown in CdSe seeded CdS nanorods exposed to very low amounts of 
Cu+.8 The sequential build-up of structural complexity as a means to 
multifunctionality is thus an intuitive but difficult strategy to implement in 
practice. 
Herein, we demonstrate that the partial silica encapsulation of a CdSe 
seeded CdS tetrapod allowed for the preservation of the CdSe core emission 
during the heterogeneous growth of other materials at its arm tips, analogous 
to protection groups which prevent unwanted chemical reactions from taking 
place at specific sites of a molecule. Via this synthetic methodology, we were 
able to obtain well-defined tetrapod nanoheterostructures of SiO2-CdSe/CdS-
Ag2S and SiO2-CdSe/CdS-Au/FexOy capable of exhibiting dual emission at 
visible/IR wavelengths and fluorescent-magnetic properties respectively. 
Importantly, the use of silica as a protective material at specific sites of 
anisotropic semiconductor heterostructures opens up new avenues in which to 
engineer added functionality in semiconductor heterostructures while 
preserving surface-sensitive properties such as fluorescence.  
 
2.2 Experimental Section 
Synthesis of spherical zinc blende CdSe (zb-CdSe) seeds: 
Monodisperse zb-CdSe nanocrystals (NCs) were synthesized via a previously 
reported method.9 0.3 mmol cadmium oxid (CdO), 0.6 mmol myristic acid 
(MA) and 5 mL 1-octadecene (1-ODE)  were degassed in a 50 mL three-neck 
round bottom flask at 90 °C for about 1 hour. The solution was then heated to 
250 °C for ~10-15 mins to obtain a clear solution. 12 mL 1-ODE was added 
before cooling, followed by degassing at 90 °C or another ~1 hour.  Upon 
cooling to room temperature, 0.012 g selenium (Se) powder was added to the 
reaction mixture and degassed at 50 °C for ~20 mins. Upon heating to 240 °C 
under N2, the color of solution changed from colorless to yellow at ~150 °C 
and then to orange-red when the temperature reached 240 °C, indicating the 
formation of zb-CdSe nuclei. A degassed mixture of 0.05 mL oleic acid (OA) 
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and 0.5 mL oleylamine (OLAm) in 2 mL 1-ODE was subsequently added 
dropwise to the reaction mixture. As an example, the growth time for ~ 4 nm 
diameter NCs was approximately 2 hours. As-synthesized zb-CdSe NCs were 
precipitated out from the growth solution by the addtion of acetone.  Two 
more cycles of re-dispersion and precipitation in toluene and methanol 
respectively were applied to further purify the zb-CdSe obtained. The 
processed zb-CdSe NCs were dissolved in toluene as seed stock solution and 
their concentration was determined by recording their absorbance at 350 nm, 
whose molar absorptivity is reported.10 
Synthesis of CdSe seeded CdS tetrapod: CdSe seeded CdS tetrapod was 
synthesized, with slight modifications, via the previously reported seeded 
growth approach.11 Typically, 2.6 g 99% trioctylphosphine oxide (TOPO), 
0.0517 g CdO, 0.0668 g n-hexylphosphonic acid (HPA), and 0.5 mL OA were 
degassed at 150 °C for about 1.5 hours in a 50 mL three-neck round bottom 
flask. Upon heating to 350 °C under N2, the color of the reaction mixture 
turned from reddish brown to white. Separately, 0.0057 g sulfur (S) power was 
dissolved in 0.8 mL trioctylphosphine (TOP) and degassed at 50 °C for 1 hour 
before adding 0.5 mL 5 µM CdSe stock solution. The toluene was then 
removed under vacuum. Upon reaching the desired injection temperature of 
350 °C, an additional 0.9 mL TOP was added and the temperature was 
allowed to recover to 350 °C before the mixture of S, TOP and CdSe was 
swiftly injected. The tetrapod was allowed to grow at this temperature for 
another 10 mins before naturally cooling down to 80 °C. As-synthesized CdSe 
seeded CdS tetrapods were then purified from growth solution by two cycles 
of precipitation in methanol and re-dispersion in toluene. The purified 
tetrapods were finally dispersed in cyclohexane for subsequent reactions. 
Silica encapsulation: Uniform silica encapsulated tetrapods were 
synthesized through reverse microemulsion method.12 Typically, 2 mL Igepal 
CO520 was mixed with 15 mL cyclohexane and stirred for 30 mins. 200 µL 
29.5% NH4OH and 400 µL water were then mixed and added to this mixture 
and stirred for another 30 mins. ~ 6 µM tetrapods in 1 mL cyclohexane was 
subsequently introduced to the mixture and stirred for ~20 mins, forming a 
stable reverse microemulsion. Finally, 20 µL tetraethoxysilane TEOS was 
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added and stirred for 24 hours to produce uniform SiO2 coated tetrapods with a 
tetrapod geometry. A prism-like shape was obtained when 50 µL of TEOS 
was added. Partial silica encapsulation was achieved by omitting the addition 
of water while keeping the other conditions the same. SiO2 coated tetrapods 
were precipitated out from the reaction mixture by addition of 10 mL ethanol 
and centrifugation (~13000 rpm) for 5 mins. The product was washed with 
ethanol twice in order to remove excess surfactant and any unreacted 
precursor before finally re-dispersing in water or toluene. 
Cation exchange reactions of fully encapsulated SiO2-CdSe/CdS 
tetrapods with Ag+ : Cation exchange reactions of fully encapsulated SiO2-
CdSe/CdS tetrapods with Ag+ Stock solutions comprising of 20 mM Silver 
nitrate (AgNO3) in deionized water or methanol were prepared. The cation 
exchange reactions of fully encapsulated SiO2-CdSe/CdS tetrapods with Ag+ 
were individually carried out by adding 60 µL Ag+ stock solution to a 
dispersion of 0.6 µM SiO2-CdSe/CdS tetrapods in 1 mL either water or 
toluene/methanol. The reaction mixture was stirred under room temperature 
for 1 hour and processed in order to remove excess Ag+. 
Gold growth on CdSe seeded CdS nanoheterostructures: Growth of 
Au at the tips of CdSe seeded CdS tetrapods was performed according to a 
reported method for Au growth on CdSe seeded CdS nanorods, with slight 
modifications.6 The stock solution of Au precursor was prepared by dissolving 
60 mg potassium gold(III) chloride (KAuCl4) in 5 mL water, yielding a clear 
dark yellow solution. 1 mL 0.3 mM KAuCl4 solution diluted from the Au 
stock solution was mixed with 1 mL 150 mM dodecylamine (DDA) in ethanol. 
To this reaction mixture, 6 mg octadecylphosphonic acid (ODPA) and 1 mL 
~2 µM of CdSe seeded CdS tetrapods in toluene were added. The reaction was 
allowed to proceed for ~3 hours at 60 °C and then quenched with methanol. 
As-synthesized Au-tipped CdSe/CdS tetrapods were then purified from 
reaction mixture by precipitation in methanol and re-dispersion in cyclohexane 
for subsequent partial silica coating.  
Deposition of Fe on the partially silica coated Au-tipped tetrapod: 
Deposition of FexOy was performed according to a previously reported 
procedure, with slight modifications.7 Typically, a mixture comprising of 20 
Chapter 2 Multifunctional Semiconductor Nanoheterostructures via Site-




µL oleic acid, 15 mg 1,2-hexadecanediol (HDDO) and 3 mL 1-ODE in a 3-
neck RBF was degassed under vacuum for 1 hour at 80 °C, after which it was 
heated under N2 to 180 °C. Subsequently, 2 µM Au-tipped SiO2-CdSe/CdS 
tetrapod in 0.5 mL 1-ODE was mixed with 52 µL OLAm and introduced to 
the reaction mixture. When the temperature was recovered to 180 °C, 0.05 mL 
of 0.67 M iron pentacarbonyl (Fe(CO)5) in 1-ODE was injected into the 
above-mentioned three-neck RBF containing the Au-tipped tetrapod. The 
reaction proceeded at 180 °C for ~1 hour under UV irradiation. Finally, the 
solution was exposed to air at 60 °C for approximately 1 hour to facilitate 
complete oxidation of the iron shell. As-synthesized nanostructures were then 
purified from growth solution by 3 cycles of precipitation via 
ultracentrifugation and re-dispersion in toluene. 
Transmition electron microscopy (TEM): A JEOL JEM 1220F (100 kV 
accelerating voltage) microscope was used to obtain bright field TEM images 
of the nanoparticles. For TEM sample preparation, a drop of the nanoparticle 
solution was placed onto a 300 mesh size copper grid covered with a 
continuous carbon film. Excess solution was removed by an adsorbent paper 
and the sample was dried at room temperature. The High-Resolution TEM 
images and detailed elemental analysis were carried out on a FEI Titan 80-300 
electron microscope operated at 300 KV, which is equipped with an electron 
beam monochromator, an energy dispersive X-ray spectroscopy (EDX) and a 
Gatan electron energy loss spectrometer. The probing electron beam size for 
the EDX measurement was around 0.3 nm. The dwell time for each EDX 
spectrum is 10s. 
Optical characterization: Absorption spectra were obtained with an 
Agilent 8453 UV-Visible spectrophotometer in UV-visable  range. 
Photoluminescence (PL) spectra in visable region and NIR region were 
collected with a HORIBA Jobin Yvon Fluorolog 3 spectrometer equipped 
with a liquid nitrogen cooled InGaAs photodiode detector. Time-resolved 
fluorescence data were obtained by a HORIBA Jobin Yvon Time-Correlated 
Single Photon Counting (TCSPC) lifetime system FluoroHub-B with a time 
resolution of 200 ps. Sample was excited at 374 nm by a pulsed diode light 
source NanoLED-375L with a pulse duration of 240 ps. Care was taken to 
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ensure that the concentrations of the core and core-seeded nanostructures were 
sufficiently dilute to avoid contributions from re-absorption or energy transfer. 
X-Ray d iffraction (XRD): XRD data was obtained with a diffractometer 
(Bruker AXS, GADDS) using Cu-Kα radiation (λ=1.540598Å) in the range of 
20 º to 80 º. Samples were prepared on a clean silicon wafer by placing drops 
of concentrated silica coated nanoparticles in EtOH on the silicon surface and 
dried at 60 ºC in the oven. This was repeated several times until a thin layer of 
solid was formed on the silicon substrate. 
 
2.3 Results and Discussions 
Considerable effort has been made to encapsulate colloidal NCs in 
optically transparent, relatively inert matrices such as silica in order to 
chemically isolate the NCs, afford higher colloidal stability in aqueous 
solvents and to simplify the surface chemistry of compositionally different 
particles to that of silica, which has been well-studied.13 Amongst the different 
methods reported for the incorporation of semiconductor NCs into silica 
particles, the water-in-oil (W/O) reverse microemulsion method is perhaps one 
of the most versatile and widely adopted given that it allows for the 
encapsulation of a large variety of individual colloidal particles within a silica 
shell with an outer diameter of about a few tens of nanometers.12,13 In this 
method, a hydrophobic organic solvent is mixed with an amphiphilic 
surfactant in the presence of tetraethylorthosilicate (TEOS) and minute 
amounts of water. The amphiphilic surfactant then forms microemulsions or 
reverse micelles in the aqueous and organic mixture, facilitating the nucleation 
and growth of silica around pre-synthesized NCs trapped within the micelle. 
The mechanism in which pre-synthesized hydrophobic NCs are transferred 
from cyclohexane into the hydrophilic interior of the reverse micelle is widely 
believed to be mediated via a ligand-exchange process between the 
hydrophobic ligands on the NC and a combination of hydrolyzed TEOS and 
the amphiphilic surfactant.14 Despite the numerous reported examples of 
different silica-encapsulated spherical semiconductor NCs fabricated via the 
W/O reverse microemulsion process, little is known about the growth behavior 
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of silica on geometrically complex semiconductor nanostructures such as 










Figure 2.1. Representative TEM images of highly uniform (a) zinc blende CdSe of 
~3.8 nm in diameter. (b) CdSe seeded CdS tetrapods with a CdSe core diameter of ~ 
3.8 nm and CdS arm length of ~ 28 nm. 
 
The synthesis of highly fluorescent CdSe seeded CdS tetrapods from a zb-
CdSe seeds proceeded via established procedures11 with slight modifications 
which we found to be critical in achieving high levels of monodispersity. 
Figure 2.1 shows representitive TEM images of the zb-CdSe seeds and CdSe 
seeded CdS tetrapod obtained. Encapsulation with silica was carried out using 
a previously reported reverse microemulsion technique using cyclohexane as 
the hydrophobic solvent and Igepal CO-520 (poly(5)oxyethylene-4-
nonylphenyl-ether) as the amphiphilic surfactant.12 Figure 2.2(a) is a 
transmission electron microscope (TEM) image of silica-coated CdSe/CdS 
tetrapods with ~28 nm long CdS arms, and it is readily seen that they are 
individually encapsulated within a smooth thin SiO2 shell which outlines the 
tetrapod architecture. Additional shell growth occurs in a manner which 
minimizes the overall surface energy of the amorphous silica shell, and the 
resulting nanocomposites thus have a tendency to form more prism-like 
structures, as illustrated in Figure 2.2(b). Not surprisingly, further SiO2 
growth results in particles with sphere-like geometry. The ratio (R) of water to 
the surfactant proved to be a crucial factor in the formation of a complete SiO2 
shell over the NCs given the fact that at higher values of R, the number of 
hydrolyzed TEOS molecules per micelle is expected to be higher,15 thus 
providing sufficient silica monomer concentrations to ensure shell growth over 
(a) (b) 
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the entire semiconductor nanostructure. The thickness of the SiO2 shell formed 
can also be adjusted by varying growth times and the initial concentration of 




















Figure 2.2. (a), (b) are representative TEM images of CdSe seeded CdS tetrapods 
with a ~3.8 nm CdSe core and ~28 nm long CdS arms fully encapsulated in silica 
under reaction conditions of high water to surfactant ratios, i.e. R=6.6, yielding 
tetrapod- and prism-like morphologies respectively depending on growth times and 
the amount of silica precursor added. (c) and (d) depict the particles at growth times 
of ~1 hour and ~24 hours respectively under reaction conditions of low water to 
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In order to obtain further insight into the growth behavior of silica on 
anisotropic CdSe/CdS structures, reaction conditions under lower values of R 
in which there is a reduction in the number of fully hydrolyzed TEOS 
molecules per micelle15 were explored. At early growth times of ~1 hour, a 
thin patchy layer of silica may be seen across the entire tetrapod particle, as 
depicted in Figure 2.2(c). As the reaction proceeds and more silica monomers 
are added to the tetrapod, the silica coverage on the tetrapod becomes 
progressively thicker as expected. Interestingly, at a certain point in the 
growth phase, the amorphous silica shell collapses to the branch point and 
forms a bulbous structure around it. Further growth of silica is then confined 
to that of the spherical structure, resulting in a partially encapsulated 
semiconductor tetrapod with the tips of its arms exposed, as evident in Figure 
2.2(d). The occasional occurrence of homogeneous nucleation and growth of 
silica particles is also seen, and may be minimized by reducing the initial 
concentration of the silica precursor. Time development of the reaction with 
smaller time steps is shown in Figure 2.3. On the other hand, at the R value of 
6.6, a thin patchy layer of silica was observed at early growth times of ~1 hour 
(Figure 2.4(a)). Nearly uniform growth of the silica occurs as the reaction is 
allowed to proceed, with complete encapsulation of the tetrapod occurring 
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Figure 2.3. Representative TEM images of silica coated tetrapods under reaction 
conditions of R = 1.68 at different reaction times of (a) 5 mins, (b) 30 mins, (c) 1 
















Figure 2.4. Representative TEM images of silica coated tetrapods under reaction 
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In order to ascertain if the silica encapsulation behavior on semiconductor 
tetrapods is also consistent with semiconductor nanorods, we employed the 
same reaction conditions as those used for the tetrapods in Figure 2.3, but 
used CdSe seeded CdS nanorods with a large CdSe core size of ~6.9 nm and a 
CdS rod length of ~70 nm. As shown in Figure 2.5, a gradual transition from 
patchy silica coverage over the entire surface of the rod to an eventual collapse 
around the bulged region where the CdSe core is located may be observed. 
These results are consistent with those of the tetrapods and signify that the 
amorphous silica shell formed under low values of R has a tendency to 
minimize its surface tension and reside at regions on the anisotropic 
semiconductor which best support its formation into a spherical structure. The 
seemingly strong tendency for silica to reside at the CdSe seed location should 
not be confused with the selective deposition of Au at the CdSe region of 
CdSe seeded CdS nanorods, which takes place via a redox-based 
electrochemical Ostwald ripening process.16 The nucleation and growth of 
silica on the other hand takes place via condensation reactions between 
hydrolyzed TEOS molecules, and should therefore not be directly dependent 
on the fact that the CdSe seed can serve as a sink for electrons.16 It may not be 
argued that the facets at the CdSe seed location are the most reactive either, 
since it has previously been suggested by a number of reports that the facets at 
the tips of such seeded structures possess up to 3 Cd dangling bonds and are 
considered the most reactive.4,17 Moreover, the assumption that particular 
facets of the anisotropic semiconductor structure are most reactive would not 
be compatible with our observation that the growth of silica at early reaction 
times takes place non-specifically throughout the particle surface. Considering 
the low values of R used and consequently the limited amount of water present, 
it is important to note that the hydrolysis of TEOS to silicic acid is largely 
incomplete and the silica formed is likely to be more gel-like at early reaction 
times. Growth of the gel-like material into a sphere at the branch point of 
tetrapods and at the “bulged” region of large CdSe core CdS nanorods 
represent energetically favored configurations since they result in an overall 
lower surface curvature and thus less surface tension as opposed to outlining 
the shape of the entire anisotropic structure.  
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Figure 2.5. Representative TEM images of CdSe seeded CdS nanorods with a 
“bulged” region where the large CdSe core resides, exposed to silica under reaction 
conditions of low R. The different images (a) to (f) represent the different reaction 
times of 15 mins, 50 mins, 2 hours, 3 hours, 5 hours and 24 hours respectively. 
 
In order to evaluate the ability of the silica coating as a protective layer 
we investigated the behavior of fully encapsulated SiO2-CdSe/CdS 
nanocomposites with respect to cationic exchange reactions under different 
solvent conditions. Consistent with our previous observations,18 exposure of 
the silica encapsulated CdSe seeded CdS tetrapods to an aqueous solution of 
AgNO3 under ambient conditions results in an immediate color change from 
yellow to dark brown and complete quenching of the tetrapod fluorescence, 
suggesting the successful conversion to Ag2Se/Ag2S. Characterization via 
TEM, as illustrated in Figure 2.6(a), showed that both the shape of the silica 
shell and that of the underlying cation-exchanged semiconductor structure are 
preserved. The presence of Ag and absence of Cd via Energy-Dispersive X-
(a) (b)  
(c) (d)  
(e) (f) 
Chapter 2 Multifunctional Semiconductor Nanoheterostructures via Site-




ray spectroscopy (EDX) analysis, as shown in Figure 2.6(c), indicated that a 
complete cationic exchange between Cd2+ and Ag+ had taken place. As shown 
in Figure 2.7 below, Powder X-ray diffraction (PXRD) data confirmed that 
the original wurtzite CdS (Joint Committee on Powder Diffraction Standards 
(JCPDS) 41-1049) was completely transformed into monoclinic acanthite 
Ag2S (JCPDS 14-0072) in water while the exchange product from the 
toluene/methanol mixture shows a combination of peaks from both of the two 



















Figure 2.6. TEM images of fully SiO2 encapsulated CdSe seeded CdS tetrapods after 
undergoing cation exchange with Ag+ in: (a) water for ~ 3 mins; (b) toluene/methanol 
for ~ 8 hours, resulting in partially and fully exchanged structures respectively. The 
insets are HRTEM images of the individual structures. (c) and (d) are the 
corresponding EDX measurements for the samples in (a) and (b), which show full 
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Figure 2.7. Powder XRD data of SiO2-CdSe/CdS tetrapods (blue), SiO2-
Ag2Se/Ag2S tetrapods obtained from full cationic exchange with Ag+ in water 
(black), and SiO2-CdSe/CdS-Ag2S tetrapods obtained from partial cationic 
exchange with Ag+ in toluene/methanol mixture (red). The labeled reference 
spectra corresponding to standard wurtizte CdS (JCPDS 41-1049) and monoclinic 
acanthite Ag2S (JCPDS 14-0072) are shown at the top and bottom of the Figure 
respectively. 
 
When the SiO2 encapsulated CdSe/CdS tetrapods were exposed to the 
same concentration of AgNO3 in a toluene/methanol mixture (in accordance 
with a previously reported method19), however, the yellow solution became 
gradually darker over the course of several hours. Figure 2.6(b) is a TEM 
image of particles that have been allowed to react overnight, and it is readily 
seen in the inset that only partial cationic exchange of the Cd chalcogenide 
structure with Ag+ occurred. This was further corroborated by EDX 
measurements depicted in Figure 2.6(d), which shows the strong presence of 
both Cd and Ag within the particle. Quenching of the fluorescence from the 
CdSe core was absolute, and is expected since regions close to the core were 
converted to Ag2S, which can open up a non-radiative relaxation pathway for 
the larger bandgap CdSe.6 On the basis that the stabilization of the outgoing 
Cd2+ is not very different in water and in methanol, the observed changes 
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between Figures 2.6 (a) and (b) may be attributed to the differences between 
transport of the methanol-solvated and hydrated Ag+ ions across the silica 
shell. Given that the interior of the silica shell is hydrophilic,12 it is 
understandable that the reaction in the organic solvent proceeds at a much 
slower rate. We performed a similar experiment in which the same 
concentration of SiO2-CdSe/CdS tetrapods in either water or toluene/methanol 
was exposed to 60 µL of the Cu(NO3)2 stock solution and stirred under room 
temperature for ~ 1 hour before ultracentrifugation to remove excess Cu2+. We 
found that complete cationic exchange with Cu2+ took place in aqueous media, 
preserving the tetrapod morphology, as shown in Figure 2.8(a). The 
composition was confirmed by Energy-Dispersive X-ray spectroscopy (EDX) 
(Figure 2.8(b)) of the sample on a Ni TEM grid, which showed the absence of 
Cd and the strong presence of Cu. Due to the lack of a reducing agent in the 
reaction mixture, we deduce that the composition of the tetrapods is primarily 
that of CuSe/CuS. The SiO2-CuSe/CuS nanocomposites exhibited strong 
plasmon resonance absorption peaked at ~1.1 eV (Figure 2.8(c)), similar to 
that reported for 15 nm CuS spherical nanocrystals.20 When the cation 
exchange reaction was performed in a toluene/methanol mixture, the color of 
the solution remained the same upon overnight stirring even though the 
amount of Cu2+ added was 3 times more compared with that in the aqueous 
reaction. No significant change was observed in the UV-Vis absorption after 
the reaction (Figure 2.8(d)), suggesting that there was no discernible cationic 
exchange between Cu2+ and Cd2+. These findings collectively support the 
notion that the silica shell can serve as a barrier to mass transport to the 
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Figure 2.8. (a) Representative HRTEM image of silica-coated tetrapods after cation-
exchange with Cu2+ in water. (b) EDX analysis shows absence of Cd and strong 
presence of Cu, suggesting full exchange to CuSe/CuS tetrapods. (c) Absorption 
profile shows a prominent surface plasmon resonance peak at ~1.1 eV. (d) UV-Vis 
absorption spectra of fully encapsulated SiO2-CdSe/CdS tetrapods before (black) and 
after cation exchange reaction in water (green) and in toluene/methanol (red). 
 
Having established that Ag+ exchange with SiO2 encapsulated CdSe 
seeded CdS tetrapods proceeds at a relatively slow rate in a methanol/toluene 
mixture, we hypothesized that exposure of the partially encapsulated SiO2-
CdSe/CdS structures from Figure 2.2(d) under such reaction conditions 
should result in the exposed regions undergoing cation exchange to Ag2S 
while the encapsulated region does not, provided the reaction times are 
sufficiently short. A schematic of this reaction is provided in Figure 2.9(a). 
Figure 2.9(b) shows partially encapsulated SiO2-CdSe/CdS tetrapod 
structures which have been exposed to Ag(NO)3 in methanol/toluene for ~1 
hour with stirring under ambient conditions, and it is readily seen that four 
large bulbous structures of about ~ 6 nm in diameter are located at the tips of 
the four tetrapod arms excluded by silica encapsulation. Closer inspection of 
(a) (b) 
(c) (d) 
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each tetrapod via HRTEM, as exemplified in Figure 2.9(c), revealed the 
presence of lattice fringes corresponding to that of Ag. Given the presence of 
excess Ag precursor and dodecylamine which can act as a reducing agent,6 it 
is reasonable to expect that cationic exchange at the tetrapod arm tips leading 
to the formation of Ag2S would eventually be followed by Ag deposition as 
the reaction is allowed to proceed over prolonged periods of time. Detailed 
XRD data of the Ag2S/Ag tipped SiO2-CdSe/CdS tetrapod nanocomposites is 
showed below in Figure 2.10. Peaks visible are attributed to a combination of 
both wurtzite CdS (JCPDS 41-1049) and monoclinic acanthite Ag2S (JCPDS 
14-0072).  As indicated in the XRD data, the intensity of representative peaks 
for CdS decreased while those for Ag2S increased when the Ag2S/Ag tip was 
larger. It should be noted that the peaks from cubic Ag (JCPDS 04-0783) are 
overlapped with those from CdS and Ag2S, making it difficult to distinguish 
signals from the Ag phase from that of the others. Indeed, point EDX analysis 
on the tip region shows Ag to S ratio of approximately 3:1, suggesting the 
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Figure 2.9. (a) Schematic illustrating how cation exchange reactions can be confined 
to exposed regions of a partially silica encapsulated semiconductor tetrapod. (b) 
Representative TEM image of large Ag2S/Ag tipped SiO2-CdSe/CdS tetrapod 
nanocomposites obtained from cation exchange with Ag+ in toluene/methanol. (c) 
HRTEM image of a single tetrapod heterostructure, highlighting the silica shell (red 
dotted line) and CdSe/CdS tetrapod (light blue dotted line) moiety. Lattice fringes of 
Ag {111} and CdS {002} with measured d spacings of 0.24 nm and 0.34 nm 
respectively are clearly observed. (d) PL spectra of the nanocomposite showing dual 
color emission in both the visible (black line) and NIR (purple line) range.  (e) Point 
EDX analysis on the tip region (yellow point in (c)) gives an atomic percentage of Ag 
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Figure 2.10. Powder XRD patterns of Ag2S/Ag tipped SiO2-CdSe/CdS tetrapod 
nanocomposites with large (black line) and small (red line) tip sizes. The labeled 
reference spectra corresponding to standard wurtizte CdS (JCPDS 41-1049), 
monoclinic acanthite Ag2S (JCPDS 14-0072) and cubic Ag (JCPDS 04-0783) are 
shown at the top and bottom of the Figure respectively. 
 
Remarkably, within the range of Ag precursor concentrations and reaction 
times explored, no evidence of cationic exchange within the encapsulated 
region was found either via EDX or HRTEM. This was further corroborated 
by the retention of a significant amount of fluorescence from the CdSe core. A 
control experiment in which bare, as-synthesized CdSe seeded CdS tetrapods 
were subjected to the same reaction conditions showed nearly complete 
transformation to Ag2Se/Ag2S tetrapods within 1 min, thus providing further 
evidence that the silica shell can be used as a barrier against cationic exchange 
processes. While CdSe emission from the particles shown in Figure 2.9(b) 
was prominent, fluorescence from Ag2S, however, was fully abated due to its 
contact with Ag. When lower Ag precursor concentrations were used, 
formation of Ag2S at the exposed regions of the partially encapsulated SiO2-
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CdSe/CdS tetrapods could be obtained without subsequent Ag deposition. 
Importantly, the resulting tetrapod structures exhibited relatively strong 
emission at both 634 nm and 994 nm (as illustrated in Figure 2.9(d)), which 
may be attributed to the ~3.8 nm diameter CdSe core and ~ 4.4 nm diameter 
Ag2S tips respectively. Although the quantum yield (QY) of the CdSe 
emission from as-synthesized partially encapsulated SiO2-CdSe/CdS tetrapods 
was reduced from ~25% to ~8.8% after cationic exchange, it should be 
emphasized that this QY may be considered as a lower bound estimate since 
we did not subtract the contribution of Ag2S to the absorbance of the tetrapod 
nanoheterostructure.21 In a nanoheterostructure with different components 
each capable of supporting radiative exciton recombination, the determination 
and interpretation of QY based on matching absorbances with reference dyes 
is expectedly complex. While alleviating the distance-dependent quenching of 
the CdSe fluorescence by the Ag2S tips may be achieved via the use of longer 
CdS arm lengths, it should be noted that the QY of the bare tetrapods with 
longer arm lengths is significantly lower than their shorter arm counterparts, 
and thus a judicious choice of CdS arm lengths would be required to achieve 
the most optimal QY for CdSe emission from Ag2S-tipped CdSe seeded CdS 
tetrapods. Owing to a lack of access to an integrating sphere for this work, we 
were unfortunately unable to determine with confidence the QY with respect 
to the Ag2S particles.  
In order to ascertain that the residual CdSe based emission was not due to 
free particles of SiO2-CdSe/CdS, we examined closely the TEM data of 
statistically large numbers of particles from a single sample, whereupon it was 
found that the percentage of particles with no obvious attachment of Ag2S was 
less than 8% as shown in Table 2.1. The strong CdSe-based emission 
observed cannot be accounted for by the small number of Ag2S-free particles 
present in the sample, thus implying that the emission is derived from Ag2S-
functionalized SiO2-CdSe/CdS composites. Corresponding time-resolved 
photoluminescence (TRPL) measurements revealed single exciton PL 
lifetimes of 4.3 ns and 10.5 ns respectively for the Ag2S-tipped tetrapods and 
tetrapods which were allowed to undergo the same reaction conditions but 
without the Ag precursor (Figure 2.11) The relatively modest decrease in 
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lifetime suggests that the non-radiative channels introduced by the presence of 
Ag2S are not highly efficient, which is plausible due to the fact that the Ag2S 
tips are located approximately 10 nm away from the CdSe core. Nevertheless 
the unambiguous shortening of the PL lifetime provides further support that 
the observed CdSe emission stems from the Ag2S-tipped, partially silica 
encapsulated CdSe seeded CdS tetrapods.  














Figure 2.11. Time-resolved PL spectra of partially silica coated CdSe seeded CdS 
tetrapods without (black) and with Ag2S tips (red), with corresponding lifetimes of 
10.5 ns and 4.3 ns respectively. All samples were excited at 374 nm and were 







Percentage of  silica coated 
tetrapod with Ag2S tip 
Percentage of  silica coated tetrapod 
without Ag2S tip 
92.3% 7.7% 
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Our success in exploiting the site-selective silica encapsulation of 
heterostructured semiconductor tetrapods in order to engineer spectrally 
distinct, dual wavelength emission prompted us to extend this synthetic 
strategy towards the fabrication of other multifunctional nanostructures, in 
particular those that simultaneously exhibit both magnetic and fluorescence 
properties. The controlled, site-specific deposition of iron oxide nanoparticles 
on fluorescent CdSe seeded CdS tetrapods would be particularly desirable 
since iron oxide is not susceptible to oxidation (unlike Ni or Co), and the 
emission wavelength may be tuned by the CdSe core size while the absorption 
cross-section may be varied by the dimensions of the CdS arms.22 Growth of 
iron oxide at the tips of SiO2-CdSe/CdS tetrapods with a ~4.3 nm diameter 
CdSe core and ~ 23 nm long CdS arms proceeded via a slight modification of 
our previously reported method in which Au particles were first deposited at 
the ends of CdSe/CdS nanorods and then exposed to Fe(CO)5 at elevated 
temperatures under UV. This results in a FexOy shell around the Au tip which 
is primarily composed of Fe3O4 and a small proportion of γ-Fe2O3.7 Figure 
2.12 shows a typical TEM image of uniform Au-tipped tetrapods before 
(Figure 2.12(a)) and after (Figure2.12(b)) silica coating. It is important to 
note that for these tetrapods with slightly tapered arms, large CdSe seeds (4.3 
nm in diameter) were intentionally used in order to ensure that the formation 
of Au at a single tip does not occur via an electrochemical Ostwald ripening 
process, as elaborately detailed in Reference 2. As shown in Figure 2.12(b) 
below, in a small percentage of tetrapods there is a large solitary Au tip 
instead of four small Au tips on each of the tetrapod arms. Use of smaller 
CdSe seeds would lead to a higher proportion of tetrapods with solitary Au 
tips, in accordance with Reference 23. Figure 2.13(a) is a representative TEM 
image of monodisperse, partially encapsulated SiO2-CdSe/CdS tetrapods 
whose Au-tipped arms bear a shell of FexOy with an inner and outer diameter 
of ~6 nm and ~13 nm respectively. Appropriately adjusting the concentrations 
of Au and Fe(CO)5 added ensures that free particles of iron oxide are 
extremely rare and that each tetrapod arm possesses a single hollow iron oxide 
particle at its tip, thus resulting in a well-defined structure and stoichiometry 
with respect to the number of iron oxide particles per semiconductor tetrapod. 
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Given that there are on average 4 iron oxide shells per tetrapod, the magnetic 
response is conceivably substantial. The left image in Figure 2.13(b) is a 
digital photograph of Au/FexOy-functionalized SiO2-CdSe/CdS tetrapods well-
dispersed in a vial of toluene. By using a simple bar magnet, all of the 
particles could be harvested within ~10 minutes, resulting in the right image of 
Figure 2.13(b). Excitation with a UV lamp showed the deep red emission 
from the CdSe cores of the harvested tetrapods, as depicted in Figure 4(c). 
Characterization of the PL before and after the growth of the iron oxide shell 
showed a negligible redshift, as shown in Figure 2.13(d), which implies that 
the CdSe core is fairly well isolated from the Au/FexOy particles. The 
absorption due to the iron oxide shells essentially dominates the absorption 
spectrum, as seen in Figure 2.13(d), and accounts for the dark colored 
appearance of the solution shown in Figure 2.13(b). The appreciable amount 
of fluorescence observed may be ascribed to the large absorption cross-section 
of the CdS arms, although QY using reference dyes yielded artificially low 
values due to the overwhelming contribution from iron oxide to the sample 
absorbance. In stark contrast, bare CdSe seeded CdS tetrapods exposed to 
Fe(CO)5 at the elevated temperatures used for the reaction resulted in an 
immediate and complete quenching of the fluorescence, similar to our 
experience with bare CdSe seeded CdS nanorods.7 These results attest to the 
need for the SiO2 shell as a protective barrier for the fluorescent CdSe core 
during the heterogeneous growth of other nanoparticles at the tips of the 
tetrapod arms. It should be noted that when bare CdSe seeded CdS tetrapods 
with Au tips were used, injection at 180 °C into the mixture of Fe(CO)5 and 1-
ODE resulted in coalescence between tetrapods via the Au tips, similar to 
what was described in Reference 7. This suggests that the partial silica 
encapsulation process changes the surface chemistry of the Au tips such that 
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Figure 2.12. Representative TEM images of (a) CdSe seeded CdS tetrapods 
with gold deposited on the tips of all the four CdS arms. (b) Au-tipped 






















Figure 2.13. (a) Representative TEM image of Au/FexOy-tipped SiO2-CdSe/CdS 
tetrapods with a CdSe core diameter of ~4.3 nm and CdS arms of ~23 nm in length. 
(b) Digital photographs showing of the tetrapods shown in (a) before (left image) and 
after (right image) magnetic harvesting. (c) Magnetically harvested iron oxide-tipped 
tetrapods in toluene under UV excitation. (d) Absorption profiles of the Au-tipped 
SiO2-CdSe/CdS tetrapods before (black dotted line) and after (red dotted line) 
formation of the iron oxide shell. Their corresponding PL profiles are shown in black 
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In summary, we have developed a robust approach to facilitate the 
systematic buildup of structural complexity and multifunctionality in 
anisotropic semiconductor nanostructures. This approach essentially utilizes 
the encapsulation of specific regions on an anisotropic semiconductor 
structure with a shell of silica in order to prevent certain chemical reactions 
from taking place at the encapsulated site, analogous to the use of protection 
groups in synthetic molecular chemistry. By employing this strategy, we 
showed the achievement of dual emission at visible and IR wavelengths from 
Ag2S-tipped SiO2-CdSe/CdS heterostructured tetrapods. We then extended 
this methodology to the fabrication of Au/FexOy-tipped SiO2-CdSe/CdS 
heterostructured tetrapods which exhibited both strong magnetic response and 
fluorescence emanating from the CdSe core. While the specific examples of 
structurally well-defined multifunctional particles shown in this work will 
undoubtedly find utility in a host of applications, the synthetic strategies 
described in this work represents a significant advancement in the systematic 
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Inorganic hollow nanostructures with well defined architectures have 
been extensively studied over the past few decades due to their (i) low density; 
(ii) large surface to volume ratio; (iii) good chemical, mechanical and thermal 
stability, as well as (iv) surface permeability.1 These hollow nanostructures are 
currently utilized in a wide range of applications such as catalyst support, 
rechargeable batteries, chromatography light filters and cosmetics.2,3 In 
particular, the presence of the large void space inside these nanostructures 
allowed them to carry substances such as therapeutics and such structures have 
thus been exploited for drug delivery.4,5   
Besides their size and surface chemistry, which have been well-studied, 
there has been in recent times a growing recognition on the effect of the shape 
of carriers on their behavior during the drug delivery process. Several reports 
have shown that the carrier shape plays a vital role in their cellular 
internalization6 and circulation behavior,7 which have an effect on their drug 
delivery ability. However, the shape engineering of nanoparticle carriers for 
drug delivery is still in its infancy stage and largely limited to the tuning of 
different aspect ratios of an elongated nanorod-like structure. The fabrication 
of hollow structures with a large diversity of shapes is thus desirable to further 
understand the geometry effect of the nanocarrier on drug uptake and delivery. 
Conventional hollow structures have been synthesized by numerous 
physicochemical strategies, such as emulsion polymerization,8 and self-
assembly techniques.9 Additionally, other methods have been developed by 
applying the Kirkendall effect10 and Ostwald ripening.11 In particular, the use 
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of removable templates to fabricate these hollow structures has been widely 
adopted. The templates involved can be divided into two categories: hard 
templates such as polymeric micelles,12 and colloidal latex/metal 
nanoparticles,13,14 while the soft templates mainly comprise of surfactant 
vesicles15 and gas bubbles.16 Different varieties of spherical hollow structures 
have been successfully synthesized by these templating methods.  
Among the diverse types of inorganic hollow nanostructures, hollow 
silica structure is widely used as a drug carrier because of its biocompatibility, 
high hydrophilicity and thus colloidal stability in a physiological environment, 
ease of production and relatively low cost.17 However, the synthesis of hollow 
silica structures with well-defined non-spherical shapes remains a challenge 
due to the fact that the soft templates tend to form the energetically favored 
spherical shape while hard templates with anisotropic shapes are generally 
limited to rod-like morphologies. On the other hand, semiconductor 
nanostructures synthesized via a core-seeded approach can result in very 
uniform particles of various complex geometries. Herein, we introduce a facile 
method for the fabrication of monodisperse hollow silica nanostructures of 
different sizes and shapes by utilizing semiconductor nanostructures of various 
morphologies as the hard template. By appropriately varying the relative ratios 
of concentrations of precursors used for silica encapsulation, exquisite control 
over the silica shell growth was achieved, faithfully reproducing the shape 
complexity of underlying semiconductor nanostructure. Selective etching of 
the semiconductor without any observable exacerbation of the silica shell, thus 
resulting in uniform hollow silica nanostructures of various complex shapes 
such as rods, pyramids, and tetrapods and so on. Such structures expand on the 
range of shape complexity in hollow silica nanoparticles, which may enable 
newfound applications in drug delivery. 
 
3.2 Experimental Section 
Synthesis of spherical wurtzite CdSe(w-CdSe) seeds: Synthesis of 
monodispersed w-CdSe NCs proceeded via a previously reported procedure 
with slight modifications.18 A mixture of 9 g of trioctylphosphine oxide 
(TOPO, 90%), 6 g of 1-hexadecylamine (HDA), and 0.25 mL of 
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diisooctylphosphinic acid (DIPA) was degassed at 100 °C for 1.5 h. A 
precursor solution comprising 317 mg of cadmium acetylacetonate (Cd(acac)2) 
and 567 mg of 1,2-hexadecanediol (HDDO) in 6 mL of 1-octadecene (1-ODE) 
was degassed at 120 °C for 1.5 h, followed by addition of 4 mL of 1.5 M 
trioctylphosphine selenide (TOPSe) at room temperature. This precursor 
solution was then rapidly injected into the mixture at 360 °C and allowed to 
cool to 80 °C. The resulting CdSe NCs were subsequently processed by 3 
cycles of precipitation in a butanol/ methanol mixture and redispersed in 
toluene for further use. 
Synthesis of spherical zinc blende CdSe (zb-CdSe) Seeds: 
Monodisperse zb-CdSe nanocrystals (NCs) were synthesized via a previously 
reported method19 as described earlier in Chapter 2. 
Synthesis of spherical CdSe/CdZnS core/shell NCs: CdSe/CdZnS NCs 
were synthesized via modifications of a previously reported procedure.20 A 
typical procedure is as follows: Cadmium stock solution was prepared by 
mixing various amounts of Cd(acac)2 and HDDO in 1-ODE and degassing at 
130 °C for 1 h. Zinc stock solution was prepared by mixing various amounts 
of zinc acetylacetonate (Zn(acac)2) and HDDO in 1-ODE and degassed at 130 
°C for 1 h. Sulfur stock solution was prepared by degassing sulfur power (S) 
in 1-ODE at 160 °C for 1 h. 9 g TOPO and 6 g HDA were degassed in a 100 
mL four neck RBF at 80 °C for 0.5 h. A known amount of CdSe seeds in 
minimal hexane was added and the hexane was removed under reduced 
pressure at 80 °C for 0.5 h. The temperature was increased to 120 °C and the 
mixture degassed for 1 h. The flask was filled with N2 and cadmium stock 
solution (~0.75 mL) was injected before the temperature was increased to 230 
°C. The same amount of sulfur stock solution was added dropwise and the 
temperature was raised to 240 °C. The remaining cadmium stock solution was 
combined with the zinc stock solution and with the sulfur stock solution, 
successively injected dropwise. The solution was left to stir for 20 min before 
the temperature lowered to 80 °C. The NCs were precipitated by 
centrifugation using a co-solvent of hexane, butanol and methanol. The 
resultant NCs suspended in cyclohexane for the following use. 
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Synthesis of CdSe seeded CdS heterostructured nanorods: CdSe/CdS 
nanorods were prepared according to the method of Manna.21 3 g TOPO 
(99%), 65 mg cadmium oxide (CdO), 290 mg n-octadecylphosphonic acid 
(ODPA) and 80 mg n-hexylphosphonic acid (HPA) are mixed in a 50 mL 
three neck RBF and degassed at 150 °C for about 1.5 h. The reaction mixture 
was then heated to 360 °C under N2 atmosphere. After the formation of the 
Cd-ODPA complex at around 270 °C, the solution turned from reddish brown 
to colorless. Separately, a mixture of S, trioctylphosphine (TOP) and CdSe 
seeds was derived by first dissolving 80 mg S in 1.8 mL TOP at 50 °C before 
adding 200 µL of the prepared CdSe stock solution. Upon reaching the desired 
temperature, 1.8 mL TOP was added, and the temperature was allowed to 
recover to 360 °C before the mixture of S, TOP and CdSe was swiftly injected. 
The temperature was again allowed to recover to 360 °C and the anisotropic 
shell was grown at this temperature for about 6-8 minutes. The heating mantle 
was then removed and the solution was allowed to cool to 80 °C. As-
synthesized CdSe/CdS nanorods (NRs) were then processed by repeated 
cycles of precipitation in methanol and re-dispersion in toluene. The 
concentration of the processed CdSe seeded CdS NRs were determined using 
a published molar extinction coefficient at 350 nm. 
Synthesis of CdSe seeded CdS tetrapod: CdSe seeded CdS tetrapod was 
synthesized, with slight modifications, via the previously reported seeded 
growth approach.22 as described earlier in Chapter 2. 
Silica encapsulation: Uniform silica encapsulated tetrapods were 
synthesized through reverse microemulsion method.23 as described earlier in 
Chapter 2. 
Etching of encapsulated spherical and tetrapod nanocrystals: 65% v/v 
HNO3 acid was added to the silica-coated nanoparticles in water and left to stir 
for 2 hours. The silica hollow nanoparticles were then washed thrice with 
ultrapure water through centrifugation at 13,000g. The silica hollow structures 
were then finally dispersed in a small volume of DI water. 
Characterization of porosity of hollow silica nanostructure: The 
porosity of the samples was determined from N2 adsorption–desorption 
isotherms obtained at 77 K using an ASAP 2020 Surface Area Analyzer 
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(Micromeritics Instrument, USA). Prior to measurement, all samples were 
dried under vacuum for 24 h at 150 °C and 500 mtorr. 
In-vitro Cell Viability Test: 5x 104 Hela cells were seeded in 96-well 
microtiter plate immersed with RPMI-II culture medium having 5% fetal 
bovine serum (FBS). The cells were grown at 37 °C in a humidified 
environment comprising of 5% CO2 and 95% air for 24 h. Different shapes of 
silica-coated semiconductors were dispersed in the culture medium in various 
concentrations obtained through serial dilution These dispersions were added 
to the cancer cells cultured in the microplate. After incubation of 72 h, the cell 
viability was determined by quantifying the decreased light absorbance at 
wavelength 490 nm using a microplate reader.  
Transmission Electron Microscopy Characterization (TEM): A JEOL 
JEM 1220F (100 kV accelerating voltage) microscope was used to obtain 
bright field TEM images of the nanoparticles. For TEM sample preparation, a 
drop of the nanoparticle solution was placed onto a 300 mesh size copper grid 
covered with a continuous carbon film. Excess solution was removed by a 
filter paper and the sample was dried at room temperature. 
 
3.3 Results and Discussion 
Since the first introduction of spherical semiconductor nanocrystals 
almost two decades ago, recent developments in the field of NCs have been 
focusing on the synthesis of more sophisticated structures with diverse shapes. 
Among the various synthetic strategies, the seeded growth approach has 
attracted considerable interest by facilitating the controlled growth of an 
epitaxial shell with different shapes around a preformed core, commonly 
CdSe.21,24,25 The resulting nanostructures thus comprise of a spherical core 
within a rod- or tetrapod- like shell via an appropriate selection of core types 
and stabilizing ligands. Taking CdSe/CdS nanorod as an example, its synthesis 
was performed by co-injection of a mixture of prepared wutzite CdSe core and 
a S precursor into a solvent containing a Cd precursor and alkyl phosphonic 
acids at an elevated temperatures of ~350 °C.21 Figure 3.1(a) is a 
representative transmission electron microscopy (TEM) image of conventional 
spherical CdSe/CdZnS core/ shell structures while the above-mentioned CdSe-
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seeded CdS nanarods and tetrapods are depicted in Figure 3.1(b)-(c). 
Excellent shape uniformity and narrow size distribution of the resultant 
nanostructures have been achieved, making them promising candidates as hard 
templates for the synthesis of hollow nanostructure. 



























Figure 3.1 Representative TEM images of (a) CdSe/CdZnS quantum dots with 
diameter ~5.2 nm (b) CdSe/CdS nanorods with length ~40 nm (c) CdSe/CdS 
Tetrapod with arm length ~31 nm 
 
Among the many methods used to encapsulate nanoparticles, the water in 
oil reverse microemulsion method using cyclohexane as solvent and Igepal 
CO-520 as the surfactant is one of the most popular choices for individually 
coating inorganic nanoparticles with silica. Compared to the traditional Stöber 
method for coating silica on nanoparticles, its main advantage is the ability to 
directly coat hydrophobic nanoparticles without the need to render them 
dispersible in polar solvents via laborious ligand-exchange processes. In this 
method, both the silica precursor tetraethylorthosilicate (TEOS) and the as-
synthesiszed hydrophobic nanoparticles are initially dissolved in the oil phase, 
(a) (b) 
(c) 
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i.e. cyclohexane while the aqueous droplets formed upon addition of the 
ammonia catalyst serve as nanoreactors. As demonstrated in Scheme 3.1, 
ligand exchange of the native hydrophobic ligands with hydrolyzed TEOS and 
the amphiphilic surfactant allows the NCs to be transferred from cyclohexane 
into the aqueous droplets, where the nucleation and growth of silica takes 
place. In these microemulsion systems, the contents of the aqueous phase are 
continuously and rapidly exchanged among different micelles, thus facilitating 









Scheme 3.1. Schematic illustration of the encapsulation of hydrophobic NCs in silica 
by reverse microemulsion method. 
 
Cd based nanostructures with different shapes demonstrated in Figure 3.1 
were successfully coated with a SiO2 shell through the reverse microemulsion 
method. By varying the concentration ratios of precursors used for the silica 
shell encapsulation, good control over the morphology of the resulting silica-
semiconductor nanocomposite was achieved. Figure 3.2 depicts the TEM 
images of these structures, from dots and rods to tetrapods (Figure 3.2 (a)-(c)). 
It is readily seen that they are individually encapsulated within a smooth SiO2 
shell which outlines the spherical dots, rods and tetrapods, thus preserving 
their morphology. Using tetrapod as an example, additional shell growth 
occurs in a manner which minimizes the overall surface energy of the 
amorphous silica shell, and the resulting nanocomposites thus have a tendency 
to form more prism-like structures, as illustrated in Figure 3.2(d). The ratio (R) 
of water to the surfactant has been shown to be a crucial factor in the 
formation of a complete SiO2 shell over the NCs as detailed discussed in 
previous Chapter. Reaction under lower R value results in a partially 
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encapsulated semiconductor tetrapod with the tips of its arms exposed, as 
evident in Figure 3.2(e) due to the relatively lower amount of hydrolyzed 


























Figure 3.2. Representative TEM images of Silica coated (a) CdSe/CdS QDs, (b) 
CdSe/CdS nanorods, (c,d,e) CdSe/CdS tetrapods. Tetrapod was coated with different 
shapes of silica shell (c) Tetrapod shape thin shell (d) Prism shape thick shell. (e) 






Chapter 3 Expanding the Shape Diversity of Hollow Silica Nanoparticles for Drug 




Hollow silica structures with different shapes were obtained by 
chemically etching away the interior semiconductor templates using ~ 65 wt% 
nitric acid after preparation of the silica-coated nanostructures. No apparent 
deformation or shrinking of the original silica shell was observed from the 
hollow silica structure obtained.  Figure 3.3 illustrates the hollow silica 
nanostructures resulted from the silica coated nanostructures in Figure 3.2, 
which have uniform outer silica morphologies and hollow interiors of defined 
geometry. The silica hollow spheres have an outer diameter of ~23 nm and an 
inner spherical hole diameter of about 4.5 nm (Figure 3.3(a)). The silica 
hollow rods are ~50 nm long and ~ 35 nm wide with a ~27 nm long and ~3.8 
nm wide rod shaped hollow interior (Figure 3.3(b)). The hollow tetrapods and 
prisms have a shell thickness of ~ 4 nm and ~ 18 nm, respectively (Figure 
3.3(c)-(d)). The hollow structures resulted from half-coated tetrapods are 
spheres ~ 30 nm in diameter with 4 channels ~ 4.5 nm in diameter from the 
surface to the center (Figure 3.3(b)). Such structures clearly expanded on the 
range of shape complexity in hollow silica nanoparticles, which may enable 
newfound applications in drug delivery. 
It was recently reported that the silica shell formed through reverse 
microemulsion method possessed a structural inhomogeneity, in which the 
innermost layer is “soft” due to a lower degree of silica cross-linking and the 
outermost layer is “hard” owing to the highly cross-linked Si-O structure.26 
We exploited the possibility of selectively removing the innermost layer of the 
silica shell in order to control the inner hole size by exposing the preformed 
hollow structure depicted in Figure 3.3 to dilute HF. By choosing the 
appropriate set of reaction conditions based on time, temperature and acid 
concentration, the inner “soft” layer was removed, resulting in monodisperse 
hollow structure with an enlarged hollow interior as shown in Figure 3.4. The 
inner diameter of the hollow spheres, inner width of the hollow rods and the 
inner diameter of the hollow tetrapods were increased to ~ 10 nm, ~11 nm, 
and ~13 nm, respectively, which can provide a relatively large void for 
effective drug loading. 
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Figure 3.3. Representative TEM images of different silica hollow structures (a) 
Spheres with spherical holes, (b) Nanorods with rod shape holes, (c) Tetrapod with 
tetrapod shape holes (d) Prism with tetrapod shape holes. (e) Spheres with tetrapod 









Chapter 3 Expanding the Shape Diversity of Hollow Silica Nanoparticles for Drug 




















Figure 3.4. Representative TEM images of Silica hollow structures with larger 
interior hole size  (a) Spheres with spherical hole, (b) Nanorods with rod shape holes 
(c) Prism with tetrapod shape holes 
 
To confirm that all of the semiconductor nanocrystals were successfully 
etched away, EDX measurement was performed on the samples. Shown in 
Figure 3.5 below are the EDX spectra before (Figure 3.5 (a) and (c)) and 
after acid etching (Figure 3.5 (b) and (d)) for both spherical and tetrapod 
shaped SiO2 coated nanostructures. From the EDX spectra, it is clear that the 
Cd, S and Se peaks disappeared while the Si peak preserved after the acid 
etching process (Figure 3.5 (b) and (d)), proving that this technique was able 
to completely remove the encapsulated semiconductor nanocrystal while 
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Figure 3.5 EDX Spectra of the respective types of nanoparticles showing its 
chemical composition. Spectrum (a) shows silica coated tetrapods SiO2-CdSe/CdS 
showing all the respective peaks. Spectrum (b) shows only signal from Si and O, 
indicating that all Cd, S, Se are etched away by the acid treatment. Similarly, 
Spectrum (c) shows silica coated spheres SiO2-CdSe/CdS with all the element peaks 
and after the same acid treatment, Spectrum (d) was obtained, showing again only Si 
and O signal, confirming that the CdSe/CdS is etched away successfully. This reveals 
that the acid etching method is consistent and successful to create such hollow 
structures 
 
Although silica is generally thought to possess relatively low toxicity, the 
cytotoxicity of nano-scaled particles should be re-assessed due to their 
extremely small sizes and therefore potentially very different physicochemical 
properties. MTT assays were performed against Hela cells to evaluate the 
cytotoxicity of hollow silica spheres and anisotropic tetrapods illustrated in 
Figure 3.3 (a) and (c), respectively. The cell viability shows in Figure 3.6 is 
the average value of 6 identical tests. Good biocompatibility of both the 
hollow silica sphere and the tetrapod is shown, indicating that the hollow 
structures can be used as a potential candidate as drug carriers. Additionally, it 
is apparent that the hollow tetrapod nanostructures are not toxic to the cell line 
up to a concentration of 52 µg/mL (with 50% viability) (Figure 3.6(b)), while 
the hollow sphere was found to be toxic to cells beyond 15 µg/mL (with 50% 
viability) (Figure 3.6(a)). Such inherent toxicity could be possibly due to the 
geometry effect of different structure, which needs to be further investigated. 
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Figure 3.6 Cell viability of Hela cell line incubated with different concentration of (a) 












Figure 3.7 (a) BET N2 adsorption/desorption isotherms and (b) BJH pore size 
distribution plots of the hollow tetrapod with tetrapod shape holes shown in 
Figure 3.3(c) 
 
In order to evaluate the ability of the hollow structures fabricated as a 
potential drug carrier, the porosity of hollow tetrapod with tetrapod shape 
holes (shown in Figure 3.3(c)) was assessed by Brunauer–Emmett–
Teller (BET) analysis. The nitrogen adsorption-desorption revealed a type IV 
isotherm (Figure 3.7(a)) with a steep increase in nitrogen uptake at high 
relative pressure p/p0 = 0.9–1.0 and a wide hysteresis loop at p/p0 = 0.1–0.9, 
suggesting a mesoporous solid with bigger pores.27  
In addition, the pore size distribution of the hollow silica nanotetrapods 
was estimated by the Barrett–Joyner–Halenda (BJH) method. As shown in 
Figure 3.7(b), there is a bimodal pore structure for the hollow structure 
obtained: smaller pores with a diameter of ~6 nm and bigger pores of ~48 nm 
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synthesized through sol-gel process28 and are therefore assigned to be the 
inherent pore structure of the silica nanotetrapod structure. On the other hand, 
the bigger pores at ~48nm are most probably the voids left behind after 
etching away the semiconductor templates.  
 
3.4 Conclusion 
In summary, we have developed a novel and simple approach for the 
fabrication of hollow silica structures with diverse shape and well-defined 
interior architectures by employing semiconductor heterostructures as 
templates. These semiconductor nanostructures with various complex 
geometries were successfully synthesized via the core-seeded approach and 
individually encapsulated into a silica shell via a reverse microemulsion 
method. By appropriately varying the relative ratios of the concentrations of 
precursors used for silica encapsulation, exquisite control over the silica shell 
growth was achieved, resulting in uniform silica-semiconductor 
nanocomposite with a diverse set of morphologies. The hollow counterparts of 
these various nanostructures were formed by chemically etching away the 
semiconductor template. Good control over the shape and volume of the 
hollow interior was also achieved. The resulting hollow silica structure 
showed good biocompatibility and porosity, making it a potential candidate as 
a drug carrier. Importantly, the shape diversity achieved through the method 
developed opens new avenues for the study of the effects of nanoparticle 
shape on drug delivery, which is crucial to designing effective nano-sized drug 
carrier.
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Assembly of Semiconductor Nanocrystal Dimers 
via DNA based Click Chemistry 
 
4.1 Introduction 
Assembly of colloidal nanocrystals (NCs) into complex nanostructures 
with controlled stoichiometry and symmetry has attracted considerable 
attention in recent years because its potential to achieve so-called artificial 
materials with unique collective properties that stem from their individual 
components.1 Self-assembled gold nanoparticle clusters have been 
demonstrated to exhibit tunable electric, magnetic, and Fano-like resonances 
depending on the number and relative position of particles within the clusters,2 
while enhancement of the absorption cross-section of quantum dots (NCs)  by 
an adjacent gold nanoparticle is observed due to an exciton-plasmon 
interaction controlled using a DNA spacer.3 So far, most of the attempts to 
build such assemblies of nanoparticles result in a number distribution of 
nanoparticles per cluster that is governed by Poisson statistics.4 This primarily 
originates from the fact that the assembly of nanoparticles are typically carried 
out via interactions between surface ligands, and the surface valency of each 
nanoparticle is not easily controlled. This leads to each nanoparticle having a 
very different number of surface ligands, which is the basis for the Poissonian 
distribution of nanoparticles per assembly. In this respect, it is intuitive and 
most convenient to choose 1 as the number of active chemical groups on a NC 
surface, i.e. the NCs are monofunctional and can be exclusively assembled 
into a dimer structure. 
Pioneering work was done by the Alivisatos’s group5 to separate gold 
nanoparticles linked together by a defined number of DNA strands by gel 
electrophoresis and they demonstrated the preparation and isolation of discrete 
nanostructures of NC/Au oligomers linked with DNA via similar methods.6 In 
another effort, a monovalent NC was reported by Bawendi’s group,7 who used 





an engineered monovalent streptavidin conjugated to the NC instead of wild-
type streptavidin with 4 binding sites. In these experiments, gel electrophoresis 
was still required to isolate NCs with a single monovalent streptavidin group 
on its surface. Recently, Xu et al.8 demonstrated the fabrication of a 
distribution of NC oligomers via repeated precipitation from a good solvent 
and subsequent separation of the nanoparticle monomers, dimers and trimers 
through density gradient ultracentrifugation. In examples mentioned above, 
the main drawback using another post-treatment method (especially in the case 
of gel electrophoresis) to separate and isolate nanoparticles with defined 
numbers assembled is that it is very laborious, not easily scalable and can only 
generate extremely limited amounts of quantities. On the other hand, 
monofunctionalization of Au NPs has been achieved via the utilization of a 
solid support to ensure only part of the surface undergoes functionalization,9 
or by coating the NP surface with a benzylic thioether based dendrimer which 
contains only one peripheral protected acetylene functional moiety.10 However, 
these methods are applicable to the unique surface chemistry of the Au 
nanoparticle, and cannot easily be extended to other nanoparticle systems. 
DNA has recently been demonstrated as an effective tool to assist the self-
assembly of nanoparticles into high-order complex structures11,12 given its 
well-defined structural features and highly selective binding based on base-
pair complementarity. Herein, we present a novel method for designing and 
fabricating semiconductor NC dimers covalently linked through a "click-
based" DNA linker. As-synthesized hydrophobic NCs were coated with an 
amphiphilic polymer to facilitate their solubilization in water as well as for 
further conjugation to streptavidin. The stepwise dimer formation involves the 
assembly and disassembly of streptavidin coated NCs on a DNA-
functionalized solid support surface which is used to attach a controlled 
number of "click-based" DNA linkers to the NC surface. This procedure 
potentially imparts the NCs with a controlled number of functional ligands on 
their surface. Subsequent classic click chemistry, which involves copper-
catalyzed azide-alkyne cycloaddition (CuAAC), was employed to covalently 
link the NCs. In this work, we showed that by putting a single functional 





group on two different populations of NCs and then allowing them to undergo 
"click" ligation, remarkably high yields of NC dimers were obtained. 
 
4.2 Experimental Section 
Synthesis of spherical wurtzite CdSe seeds: Synthesis of 
monodispersed w-CdSe NCs proceeded via a previously reported procedure 
with slight modifications.13 as described earlier in Chapter 2. 
Synthesis of spherical CdSe/CdZnS core/shell NCs: CdSe/CdZnS NCs 
were synthesized via modifications of a previously reported procedure.14 as 
described earlier in Chapter 3. 
Synthesis of amphiphilic polymer: Synthesis of poly-acrylic acid (PAA) 
based amphiphilic polymer was carried out according to a previously reported 
procedure with slight modifications.15 2.81 g vacuum dried coupling reagent 
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) was 
dissolved in 4 mL of anhydrous Dimethylformamide (DMF) in a dried 50 mL, 
round-bottomed flask (RBF) equipped with a magnetic stir bar. In a separated 
25 mL RBF, 6 mL of anhydrous DMF solvent was injected to 2.64 g vacuum 
dried PAA (MW ~1800). The mixture was stirred until all the PAA dissolved 
and then injected into the EDC solution. The mixture was stirred under room 
temperature for 0.5 h before addition of 2.43 mL octylamine. After overnight 
stirring of the reaction solution under room temperature, the synthesized 
polymer was precipitated via the addition of distilled water and isolated by 
centrifuge. The polymer collected was dissolved in 0.1M Sodium hydroxide 
(NaOH) and washed with ethyl acetate for 3 times through extraction 
technique. The ethyl acetate layer containing the unreacted EDC and PAA was 
discarded after which a dilute solution of HCl was added to the aqueous layer 
to precipitate the polymer. The polymer was then dissolved in 0.1M NaOH 
and lyophilized for storage and subsequent use. 
Water solubilization of NCs with amphiphilic polymer	  As-synthesized 
NCs were then purified from growth solution by 3 cycles of precipitation via 
ultracentrifugation and re-dispersion in hexane. The purified NCs was 
transferred to a pre-weighed vial and the solvent was removed under vacuum. 





~ 50 mg as-synthesized amphiphilic polymers and ~ 10 mg NPs was dissolved 
in 4 mL of chloroform followed by addition of two drops of methanol which  
was found to be crucial to make the solubilization procedure reproducible with 
high yield. The solution was stirred for 0.5 h until the NCs and polymer was 
completely dissolved After removing the solvent under vacuum at room 
temperature, 0.1M NaOH was then added and stirred for overnight, resulting 
in clear, highly fluorescent aqueous solution of NCs. The solution was filtered 
through 0.2 µm PTFE syringe filter to remove any large aggregates and 
transfer the solution to a clean centrifugal ultrafiltration unit (100 kDa cutoff). 
The NCs was washed with PBS until no more free polymer is observed in the 
filtrate. The NCs was finally dispersed in 10 mM borate buffer, pH 7.4 for 
further usage. 
Streptavidin functionalization of the water solubilized NCs: The 
coupling of streptavidin to the water solubilized NC surface was accomplished 
by well-estabilished EDC coupling. Typically, in a 1.5 mL centrifuge tube, 20 
µL of 10 µM polymer coated NCs was mixed well with 30 µL of stretavidin 
solution ( 10 mg/mL in10 mM borate buffer, pH 7.4), 8 µL of EDC (10 
mg/mL in cold water) and 225 µL 10 mM borate buffer, pH 7.4. The mixture 
was shaked gently for 2 hours at room temperature for the conjugation. The 
reaction solution was washed with a clean centrifugal ultrafiltration unit (100 
kDa cutoff) for at least 5 buffer exchanges using 50 mM borate buffer, pH 8.3 
to remove any excess unbound protein. The streptavidin coated NCs (NCs-SA) 
was dispersed in PBS pH 7.4 and stored at 4 °C. 
Modification of PEG-polystyrene (PEG-PS) beads with amine-
labelled DNA: 20 µL of PS beads (~1 mg) , 10 µL of amine-labelled single-
strand DNA (ssDNA) A (100 µM), and 0.6 mg of EDC was added to 170 uL 
of 2-(N-morpholino)ethanesulfonic acid (MES, 0.1 M pH 6.0). The mixture 
was incubated at 1000 rpm for 20 min at room temperature. After addition of 
another 0.6 mg of EDC, the reaction mixture was incubated for 20 min. 
Followed by addition of 0.6 mg of EDC and shaking for 80 min, the mixture 
was centrifuged and the supernatant was removed carefully. The pellet was 
incubated in tris(hydroxymethyl)aminomethane hydrochloride-





ethylenediamine tetraacetic acid (TE) buffer for 30 min to quench unreacted 
EDC. The PS beads were washed with PBS for three times and stored in 4 ºC. 
Functionalization of NCs with click-modified DNA: In a typical 
experiment, ~2 mg of  ssDNA encoded microsphere A-PS was mixed with 5 
µL (100 µM) 50 bp biotinylated ssDNA B in 1 mL PBS buffer (10 mM 
phosphate buffer, pH 7.4). After incubation at 80 ºC for 3 min, the temperature 
of the mixture was allowed to naturally cool down to room temperature and 
further incubate overnight under shaking. The resulting microsphere AB-PS 
was washed 3 times with PBS to remove the free DNA B. Subsequently, 500 
µL 30nM of NCs-SA in PBS was incubated with AB-PS for 1 h under room 
temperature to assemble the NCs onto the microsphere surface. Upon 
successful immobilize of NCs, which was monitored by photoluminescence 
(PL) measurement of the supernatant, the resulting NCs -AB-PS microspheres 
were further incubated with excess amount of biotin for 1 h under room 
temperature to block the unbounded site of streptavidin on the NCs surface. In 
the last step, a excess of  50 bp ssDNA B’ was added , which was modified 
with a azide or hexynyl group at the end and preferentially binds to strand B 
on the NCs surface. After incubation at 80 ºC for 3 min, the temperature of the 
mixture was allowed to naturally cool down to room temperature and further 
incubate overnight under shaking. The release of NC with DNA BB’ was 
confirmed by the PL measurement and gel electrophoresis. The resulting NC 
was washed with PBS for 4 times using a clean centrifugal ultrafiltration unit 
(100 kDa cutoff ) and redispersed in ~ 20 µL of PBS for further reaction. 
Dimer fabrication via click chemistry: The synthesis of dimers was 
accomplished via CuAAC reaction of DNA.16 0.9 mg Tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA) was dissolved in 950 µL PBS 
buffer (pH 7.4, 137 mM KCl). To this mixture, 0.4 mg sodium ascorbate and 
0.1 mg CuSO4·5H2O were added sequentially. 95 µL of the above solution 
was mixed with 20 µL each of azide or hexynyl group functionalized NCs and 
kept at room temperature for 4 hrs. The resulting dimer was purified with PBS 
for 4 times using a 100K centrifuge filter. 
 





DNA sequence used: 
A: 5’-C12 Amine- TTT TTT TTT TGA GGC ACC TAT CTC AGC GAT 
CTG T-3’ 
B:5’- Biotin- AGG CAA CTA TGG ATG AAC GAA ATA GAC AGA 
TCG CTG AGA TAG GTG CCT CA-3’ 
B’: 5’-Azide-TGA GGC ACC TAT CTC AGC GAT CTG TCT ATT 
TCG TTC ATC CAT AGT TGC CT -3’ 
5' Hexynyl-TGA GGC ACC TAT CTC AGC GAT CTG TCT ATT TCG 
TTC ATC CAT AGT TGC CT-3’ 
Fluorescence imaging: After capturing the fluorescence NCs, on drop the 
diluted beads suspension was dropped on a glass slide and visualized under a 
Nikon eclipse Ti inverted fluorescence microscope equipped with the 
appropriate fluorescence filters. Digital images were acquired using a Nikon 
sight DS-Fi1c camera. 
Gel Electrophoresis: A 1% agarose gel was prepared to verify the 
successful surface funcationalization of the NCs.  ~0.5 µM of NCs was loaded 
in each lane, and the gel was run in TAE buffer (4 mM Tris at pH=7.4, 2 mM 
CH3COOH, 20 µM EDTA) at 80V for 1 h. The gel was stained with “Syber 
Safe” for visualizing the DNA strands. The resulting gel was visualized and 
imaged with a Bio-Rad VersaDoc imaging system. 
Transmission Electron Microscopy Characterization (TEM): A JEOL 
JEM 1220F (100 kV accelerating voltage) microscope was used to obtain 
bright field TEM images of the nanoparticles. For TEM sample preparation, a 
drop of the nanoparticle solution was placed onto a 300 mesh size copper grid 
covered with a continuous carbon film. Excess solution was removed by a 
filter paper and the sample was dried at room temperature. 
Optical characterization: Absorption spectra were obtained with an 
Agilent 8453 UV-Visible spectrophotometer in UV-visable  range. 
Photoluminescence (PL) spectra in visable region were collected with a 
HORIBA Jobin Yvon Fluorolog 3 spectrometer. Care was taken to ensure that 
the concentrations of nanostructures were sufficiently dilute to avoid 
contributions from re-absorption or energy transfer. 





4.3 Results and Discussion 
A schematic diagram (Scheme 4.1) illustrates the major steps employed 
in the monofunctionalization of NCs and the formation of dimers via click 
chemistry. The assembly process starts with the surface functionalization of 3 
µm carboxylated polystyrene microspheres with A, a 25 base-pair (bp) ssDNA, 
via standard N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 
(EDC) coupling, resulting in DNA-derivatized microspheres denoted as A-PS. 
A 50 bp biotinylated ssDNA denoted as B is then hybridized to the A-PS 
surface via a 25 bp complementary sequence, thus yielding biotin 
functionalized microspheres (denoted as AB-PS) for further assembly. 
According to the theoretical binding capacity of these microspheres, the 
maximum number of biotinylated DNA per 3 µm microsphere was determined 
as ~92,000. The theoretical distance between DNA on the microsphere surface 
for such a coverage was derived to be approximately ~20 nm. We 
hypothesized that under conditions where only half of the AB-PS microsphere 
surface is on average functionalized with DNA, a NC-SA conjugate with a 
hydrodynamic diameter of 32 nm can be linked to the microsphere via a single 
DNA strand. After assembly via streptavidin-biotin interaction, the remaining 
free biotin binding sites on the NC surface were blocked with an excess 
amount of biotin, ensuring that only one DNA may be bound to each NC and 
thus establishing their monofunctionality. The transfer of a single click 
functional group to each NC and their subsequent release from the 
microsphere surface were carried out by substituting the AB double-stranded 
(ds) DNA with an azide or hexynyl modified 50 bp ssDNA B’, which 
preferentially binds to B to form an energetically more favorable BB’ 
hybridization. The copper-catalyzed azide-alkyne cycloaddition (CuAAC) 
reaction was employed to covalently ligate the DNA onto the NC surface, 



















Scheme 4.1 Schematic diagram of the overall process for fabrication of NC homo-
dimers. 
 
In order to create the NCs for the above-mentioned self-assembly strategy, 
a series of CdSe/CdZnS core/shell NCs were synthesized by the well-
established hot injection method13,14 using non-pyrophoric reagents. 
Traditional quantum dot synthesis usually involves the use of highly reactive 
precursors such as Cd(CH3)2 and Zn(Et)2. These precursors can produce high 
quality quantum dots but they are toxic and special attention needs to be paid 
when handling them. For this work, Cd(acac)2 and Zn(acac)2, were used as 
alternative precursor instead, and were capable of producing comparable 
results (Figure 4.1).  
By varying the ratio of precursors and using different ligands, we 
successfully synthesized a series of CdSe/CdZnS core/ shell NCs with 
emission colors ranging from green to red (Figure 4.1 (a) and (b)). A TEM 
image of sample D (Figure 4.1 (c)) reveals uniform spherical nanocrystals, 
































Figure 4.1 (a) Absorption (black line) and PL (red line) spectra of core/shell 
CdSe/CdZnS NC (b) Digital photo of CdSe/CdZnS synthesized with color from 
green to red. (c) TEM image of sample D (d) Summary of 1st absorption peak, PL 
maximum and FWHM of the NCs 
  
As-synthesized CdSe/CdZnS quantum dots are hydrophobic, with ligands 
most likely comprised of trioctylphosphine, trioctylphosphine oxide and 
hexadecylamine. In order to perform the DNA assisted self-assembly in 
aqueous media, water solubilization of the NCs is necessary. Moreover, it is 
important to ensure that the NCs are colloidally stable in aqueous solution and 
are able to be further derivatized with different chemical functional groups. As 
ligand exchange often decreases fluorescence quantum yield significantly,17 
we employed amphiphilic polymers to encapsulate the NCs and render them 







A 545 560 28 
B 562 574 32 
C 575 591 31 













Figure 4.2 (a) gives a schematic for the synthetic route of the amphiphilic 
polymer used. Briefly, 40% of carboxyl groups in the backbone of polyacrylic 
acid are modified with octylamine via EDC coupling in dry DMF,15 resulting 
in a amphiphilic polymer whose chemical structure is shown in Figure 4.2 (b). 
The hydrophobic portion of the polymer interacts strongly with the 
hydrophobic ligands of the as-synthesized NCs while the carboxylic acid 
groups on the other side of the polymer backbone allows for dispersibility in 
water. Highly fluorescent NCs in aqueous solution are thus obtained via 
encapsulation of the NCs with this polymer. A series of different color NCs 
were successfully solubilized and well-dispersed in water with a stability of 
more than 6 month over a wide pH range. These NCs exhibit a QY of ~25-
30%, which is sufficiently high for biological applications. Figure 4.2(c) is a 
representative TEM image of amphiphilic polymer coated NCs with emission 













Figure 4.2 (a) Synthetic route of the amphiphilic polymer via EDC coupling             
(b) Typical chemical structure of the amphiphilic polymer. (c) Representative TEM 


















Besides imparting water dispersibility and colloid stability to the NCs, the 
remaining free carboxyl groups in the back bone of the polymer facilitate its 
further conjugation to various types of biomolecules via well-established 
coupling techniques.18 Conjugation of the carboxy-terminated NCs to 
streptavidin was accomplished by standard EDC coupling, resulting in 
uniform well-dispersed NCs-SA conjugates as shown in the TEM image in 
Figure 4.3 (a). To verify successful conjugation of streptavidin to the NCs, 
the NCs-SA conjugates were incubated with biotinylated ssDNA B at room 
temperature for ~1 h before analyzing with a 1% agarose gel. As clearly 
shown in Figure 4.3 (b), a retarded electrophoretic mobility of the NCs-SA 
(Lane 2) compared to carboxyl-terminated only NCs (Lane 1) was observed 
due to the increased overall mass-to-charge ratio after conjugation with 
streptavidin. Additionally, the NC-streptavidin-DNA conjugates (Lane 3) are 
shown to move faster than the NCs-SA, consistent with a change of surface 












Figure 4.3 (a) Representative TEM image of Streptavidin-NC conjugates. (b) 
Verification of the coupling between the NC and strptavidin by gel electrophoresis 
after staining with syber safe. Lanes 1, 2, and 3 represents the NC alone, NC-SA 
conjugate, and NC-SA-DNA complex, respectively, showing retarded mobility of 
















Formation of the dimer begins with the assembly of NCs-SA onto the 
encoded AB-PS microspheres via a streptavidin-biotin interaction. As shown in 
the inset of Figure 4.4, the microspheres collected via centrifugation after 
incubation exhibit strong fluorescence under UV excitation while the supernatant 
is completely non-fluorescent. Fluorescence intensity measurements of the 
supernatant before and after assembly revealed that no free NCs-SA particles 
were present in solution, suggesting nearly 100% binding efficiency. The 
fluorescence microscope images shown in Figure 4.5 (a) and (b) further 
confirmed that the NC-SA particles were uniformly assembled onto the AB-PS 
surface without aggregation. As a negative control, microsphere A-PS without 
biotinylated DNA on the surface was used to replace AB-PS, and showed no 
fluorescence response (Figure 4.5 (c) and (d)). This is indicative of the fact that 













Figure 4.4.Fluorescence spectrum of solution containing NC-SA before ( black line) 
and after (blue line) incubation with AB-PS,  indicating the successful assembly of 
NC-SA onto the microsphere AB-PS. Inset is a digital photo showing the original 
solution of the NC-SA and the collected AB-PS with NC-SA under UV excitation. 
The fluorescence of the supernatant is completely quenched, suggesting nearly 100% 




























Figure 4.5. (a,b) Optical (a) and fluorescence (b) images of microspheres after 
incubation with NC-SA. (c,d) Optical (c) and fluorescence (d) images of control 
(using microsphere A-PS instead microsphere AB-PS). 
 
According to our hypothesis, one NC-SA is attached to the microsphere 
surface via a single 25 bp dsDNA linkage. Release of NC-SA from the 
microsphere surface was achieved by replacing the 25 bp AB linkage with a 
100-fold excess 50 bp, azide or hexynyl functionalized ssDNA B’, which form 
a thermodynamically more stable dsDNA with B on the NC surface, thus 
introducing a single functional group (azide or hexynyl) to each NC.  As 
shown in Figure 4.6, completely quench of the fluorescence of the 
microspheres is observed after the NC released, suggesting early 100% release 
efficiency.  The NCs-SA-BB’ released are well dispersed in PBS (Figure 4.7 
(a)), exhibiting comparable fluorescence properties with the original NCs-SA 
(Figure 4.7 (b)). An increased mobility of the NCs-SA-BB’ versus NCs-SA in 


















of functional dsDNA BB’ to the NCs-SA surface, which changes the overall 
charge to mass ratio of the particles. Within this strategy, it is seen that by 
appropriately designing the DNA binding motif, various different functional 




























































Figure 4.7 (a) Representative TEM image of NCs-SA-BB’ complex released from 
the microsphere (b) Verification of the attachment of BB’ DNA to the NCs-SA 
surface. Lanes 1 and 2 represent NCs-SA conjugate, and NCs-SA-BB’ complex 
released, respectively, showing increased mobility of NCs-SA-BB’ versus NCs-SA. 




We hypothesized that the well-controlled number of azide or hexynyl 
functions per NC should be reflected in their use as building blocks for 
fabricating hierarchically complex structures. For example, a NC with a single 
functional group should only be able to form a dimer with another particle. 
The azide modified NCs were bound to their hexynyl modified counterpart via 
the formation of triazole linkages upon exposing them to CuAAC. The Cu(І) 
catalyst was prepared from Cu(П) sulfate using an in-situ reducing agent 
sodium ascorbate. THPTA, a water soluble analog of the 















degradation of DNA was greatly reduced when a 5-fold excess of the THPTA 
ligand relative to Cu(І) used as described in a previous report.16 The successful 
fabrication of NC dimers, as visualized by the highlighted red circles in 
Figure 4.8(a), is indicative of a successful click reaction between the 
monofunctionalized azide and hexynl groups on individual NCs although 
individual NC and clusters consisting of more than two NCs are also observed. 
Formation of each dimer suggests successful fabrication of two 
monofunctional NC. A representative statistical analysis (Figure 4.8(b)) 
reveals a yield of 48% monofunctional NCs, 40% unfunctionalized NCs and 
12% of NCs containing more than one functional group on the surface. The 
yield of monofunctional NCs can be further improved by increase the 
efficiency of both the hybridization of the click moiety functionalized DNA to 
the NC surface and the CuAAC reaction. A strain-promoted cycloaddition 
strategy relies on the use of strained cyclooctynes can be applied to effectively 
decreases the activation energy for the cycloaddition click reaction, enabling it 
to be carried out without the need for catalysis at low temperatures with an 
efficiency greater than that of the Cu(I)-catalyzed ligation. In addition, the 
possible damage to the DNA and the effect on the quantum yield of the NCs 
can be greatly reduced by elimination of the use of Cu(I) catalyst. The 
presence of larger aggregates is possibly due to the random aggregation of 
particles. It is worth noting that the fabrication process can easily be scaled up 
and could be further extended to fabricate other types of particle-based dimers, 

























Figure 4.8 (a) Representative TEM image of NC dimer fabricated through the 
CuAAC reaction. The dimers are highlighted with red circles. (b) A representative 
statistical analysis of the TEM micrograph by the histogram, revealing ~48% 
monofunctional NCs, ~40% unfunctionalized NCs and ~12% of NCs containing more 




In summary, we developed a general strategy for the synthesis of 
monofunctionalized NCs and their subsequent formation into nanoparticle 
dimers. This approach involves the pull-down of streptavidin coated NCs via 
biotinylated DNA hybridized with a complementary strand that is anchored 
onto a microsphere surface. This is followed by exposure to excess biotin to 
block all streptavidin free-binding sites and then hybridization with a 
secondary DNA strand to introduce a single azide or hexynyl functional group 
on each NC. This is mediated by the fact that the secondary DNA strand has a 
stronger binding affinity for the biotinylated DNA sequence as compared to 
the anchored DNA strand on the microsphere surface. NC homodimers were 
successfully fabricated with via a CuAAC reaction between individual NCs 
monofunctionalized with either an azide or hexynyl group. The fabrication 
strategies described in this work provides a	  facile platform for addition of a 
single functional group to a potentially wide range of nanoparticles, thus 
facilitating the systematic derivation of nanoparticle dimers with well-defined 
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Chapter 5  
Real-Time In Vitro Detecting of Histidine 
Decarboxylase Gene from Human White Blood 
Samples in a Fluorescent Nanorod-based 
Microfluidic System for Point-of-Care Diagnostic 
 
5.1 Brief Introduction on Multilayer Microfluidics 
Microfluidics refers to the science and technology, using channels with 
dimensions of tens to hundreds of micrometers to manipulate fluids in small 
volume (10-9 to 10-18 liters).1 A remarkable breakthrough in microfluidics is 
the development of Mutilayer Soft Lithography (MSL) by Quake’s group2 
which combines soft lithography and covalently bonding successive layers of 
silicone elastomer and provides a convenient and robust approach for 
fabrication of microfluidic device.  
Microfluidic large-scale integration (mLSI) is the technology developed 
based on MSL which including design, fabrication and operation of 
microfluidic chips, allowing for integration of hundreds to thousands of highly 
parallelized components such as pneumatically activated valves, pumps, 
mixers and flow control logic3 with micro-sized channel in a single monolithic 
silicone elastomer based fluidic device. This technology has been widely used 
in applications such as protein crystallography,4 genetic analysis,5 high-
throughput screenin,6 bioreactors,7 chemical synthesis,8 and single cell 
analysis,9 Figure 5.1 illustrates a typical integrated multilayer microchemostat 
that enables long-term culture and monitoring of extremely small populations 
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Figure 5.1 A microfluidic chemostat. This device includes a high density of 
pneumatic valves. The colors are dyes introduced to tracethechannels.10 
 
Central to the working principle behind the multilayer microfluidic device 
is the concept of the valve, which we describe in further detail. To visualize 
the concept of the valve, imagine a control channel crossing over a flow 
channel separated by a thin deflectable membrane at their interface, as 
illustrated in Scheme 5.1 (a). By applying pneumatic or hydraulic pressure to 
the control channel, the membrane will deflect upward to the flow line, 
resulting effective channel sealing and stopping of flow (Scheme 5.1(b)). This 
is known as a “push-up” valve.11 Figure 5.2 demonstrates typical push-up 
valves fabricated in our lab with a closing area of 100 μm×100 μm and 200 
um ×200 um. As showing in Figure 5.2 (d), (e) and (f) the valve is 
successfully actuated and effectively stops the flow in the channel. As 
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Figure 5.2 MSL valves. Microscope bright field image of an open valve: (a) 100 μm 
×100 μm; (b) 200 um ×200 um (c) channel loaded with food dye, showing control 
and flow structures. Closed valve: (d) 100 μm ×100 μm ; (e) 200 um ×200 um. (f)) 
Channel loaded with food dye showing flow stop immediately. Application of 
pressure to control structure deflects membrane and pinches off flow structure, 
creating a fluidic seal  
 
Another valve geometry that deserves mention is the sieve valve, which is 
built under a rectangular flow structure (Scheme 5.2(a)) It does not 
completely seal off the flow channel when actuating the valve (Scheme 
5.2(a)), allowing small molecules to flow through but not larger micron-sized 
particles.  
The sieve valve has been demonstrated to trap beads on chip in order to 
construct an affinity column for mRNA capture12 and to create solid phase 
DNA synthesizer.13 It could be potentially used as a beads based detection 
platform. The valve height and width can be tuned according to the particle 









Scheme 5.2 Schematicdiagram of Seive valve (a) Open. (b) Closed 
(a) (b) (c) 
(d) (e) (f) 
(a) (b) 
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Peristaltic pump is another powerful component construct by the serial 
combination of three separately addressable valves along a single channel 
Scheme 5.3. Sequential actuation of these valves through a designated 
peristaltic cycle of states moves a fixed volume of fluid across the pump.2A 
maximum pumping rate of 2 cm s− 1 was reported at 100 Hz.14 On-chip 
peristaltic pumping provides the ability to control fluid flows without the need 
for precisely regulated external pressure sources. On chip mixing can also be 
achieved by applying peristaltic pump in a closed cycle or square channel, 
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5.2 Objective and Motivation                                                             
Recent observations in biomedical nanotechnology demonstrate that the 
proper design of nanoparticles, by changing their sizes, shapes and surface 
properties, can mediate the in vivo cellular response.15 These studies suggest 
that the shapes of nanoparticles (spherical and non-spherical such as elongated 
nanorods or nanoworms16) play an active role in cell binding, uptake and 
therapeutic effectiveness. These findings show that the rod shaped 
nanostructures may be far more effective for the diagnosis and treatment of 
various diseases when they are used as delivery vehicles than nanospheres. 
However, current studies in this research area have mainly focused on gold 
nanoparticles. There is a lack of studies that point to a shape dependence of 
the in vivo or in vitro behavior of semiconductor nanocrystals. Only recently, 
Some pioneered studies by Bawendi’s group have successfully demonstrated 
the utility of inorganic fluorescent nanorods (NRs) for real-time in vivo 
probing of tumor penetration.17 Compared to nanospheres with equal 
hydrodynamic size, NRs penetrate tumors more efficiently due to improved 
transport through pores. Here, we examine the in vitro gene detection of such 
semiconductor NRs for comparison with spherical quantum dots (QDs) of a 
similar surface chemistry. 
It is well known that, highly photoluminescent QDs are superior to 
existing organic luminescent materials as fluorescent labels for molecular 
diagnostics owing to their size-tunable narrow emission spectra, broad 
excitation spectra, high quantum yields, excellent photostability, high 
brightness, and compatibility with solution processing.18 These superior 
properties of QDs make them ideal candidates for in vivo cellular imaging and 
in vitro assay detection with increased sensitivity and multiplexing abilities.19 
Consequently, the development of different shaped semiconductor 
nanocrystals for biological labeling will open up great possibilities for novel 
molecular-based diagnostics and therapeutics. 
On the other hand, previous studies have shown that the development of 
DNA chips,20 miniaturized biosensors,21 multiplexed bioassays,22 and 
microfluidic devices23 has substantially impacted many biomedical research 
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areas, such as gene expression profiling, drug discovery, and clinical 
diagnostics. As current interest in genomic analysis of clinical samples (e.g. 
blood, urine, or sputum) at the point-of-care (POC), there is a need for 
technologies that enable accurate and sensitive detection of rare target 
organisms within complex biological samples.24 Apparently, sample 
preparation including enrichment and purification is crucial for direct genomic 
detection from complex backgrounds.25 Moreover, in order to minimize 
sample loss and achieve fast detection, many research groups have explored 
the use of microfluidics technology as a means for integrating sample 
preparation, genetic amplification, and molecular readout.26 Unfortunately, 
there are only a few examples of QDs being used as fluorescent labels in 
microfluidic systems.27 QD-barcodes, in which combinations of QDs with 
different emission peaks are encapsulated in polymer microspheres,28 was 
applied in a multiplexed microfluidic biosensor for the simultaneous detection 
of HIV, HBV, and HCV.27 However, this technique may not be suitable for 
genetic detection from extremely low concentrations of targets because of the 
lack of amplification step. 
 
5.3 Experimental Section 
Synthesis of spherical wurtzite CdSe Seeds: Synthesis of 
monodispersed w-CdSe NCs proceeded via a previously reported procedure 
with slight modifications.29 as described earlier in Chapter 2. 
Synthesis of spherical CdSe/CdZnS core/shell NCs: CdSe/CdZnS NCs 
were synthesized via modifications of a previously reported procedure.30 as 
described earlier in Chapter 3. 
Synthesis of CdSe seeded CdS heterostructured nanorods: CdSe/CdS 
nanorods were prepared according to the method of Manna.31 as described 
earlier in Chapter 2. 
Streptavidin functionalization of NCs: As synthesized spherical 
CdSe/CdZnS dots and CdSe/CdS nanorods were suspended in water via 
amphiphilic polymer encapsulation and further conjugated to streptavidin as 
described earlier in Chapter 4. 
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Modification of PEG-polystyrene (PEG-PS) beads: The carboxylic 
acid terminated PS beads were modified with amine-labelled reverse primer to 
perform solid phase PCR. Detailed modification method was described earlier 
in Chapter 4  
On chip solid phase PCR (SP-PCR):  Reverse primer-coated PS beads 
with standard Taq reaction buffer, Taq DNA polymerase, dNTPs, biotin-
labelled forward primer, BSA and Tween-20 was injected to the third chamber 
of the microfluidic chip, where they were mixed with cDNA from the second 
chamber. The chip was put in a thermo cycler (PCR Genemate Service) to 
perform SP PCR using the following conditions: initial denaturation at 95 ºC 
for 30 s, followed by 25× three-step cycles (95 ºC for 30 s, 60 ºC for 30 s and 
68 ºC for 45 s) and a final extension at 68 ºC for 5 min. 
On chip detection procedure: First of all, the silica matrix was loaded 
onto the first chamber, followed by loading human white blood cell lysate. 
Next, RW1 (containing a guanidine salt and ethanol to remove biomolecules 
that are non-specifically bound to the silica matrix) and RPE washing buffer 
(removing traces of salts) were loaded. Then, RNease-free water was loaded to 
elute RNA. Secondly, the eluted RNA was loaded onto the second chamber to 
mix with primer and dNTPs at 65 ºC for 5 min and place on ice for 1 min. 
Then, the cDNA synthesis mix was loaded at room temperature for 10 min, 50 
ºC for 50 min, 85ºC for 5 min for cDNA synthesis. RNase H was also loaded 
to remove RNA at 37 ºC for 20 min. Thirdly, cDNA was loaded onto the third 
chamber, where the reverse primer coated PS beads and PCR mix including 
standard Taq reaction buffer, Taq DNA polymerase, dNTPs, biotin-labelled 
forward primer as well as BSA and Tween-20 were also loaded to perform SP 
PCR. Finally, QDs-SA or NRs-SA was loaded to the same chamber to 
conjugate with PS beads via SA-biotin interaction. After conjugation, PBST 
was injected to remove the nonspecific QDs-SA or NRs-SA. 
Device fabrication and operation procedure. All devices were 
fabricated using the process of multilayer soft lithography (MSL). Devices 
were composed of three layers of PDMS Sylgard 184, bonded to a glass slide 
with push-up valve geometry. Negative master molds were fabricated out of 
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photoresist by standard photo lithography and patterned with 20 000 dpi 
transparency masks. SU8-2025 (24 microns high) was utilized for the control 
molds. The flow master molds were made from AZ 50XT and SU8-2025. The 
on-off valves within each device were controlled by individual pressure 
sources. The pressure sources were actuated by a NI-DAQ card and Labview 
graphical interface. 
Fluorescence imaging: After capturing the fluorescence NCs, on drop the 
diluted beads suspension was dropped on a glass slide and visualized under a 
Nikon eclipse Ti inverted fluorescence microscope equipped with the 
appropriate fluorescence filters. Digital images were acquired using a Nikon 
sight DS-Fi1c camera. On chip fluorescence image of the beads-packed 
detection chamber was taken through a TECAN microarray laser scanner. 
Transmission electron microscopy characterization (TEM): A JEOL 
JEM 1220F (100 kV accelerating voltage) microscope was used to obtain 
bright field TEM images of the nanoparticles. For TEM sample preparation, a 
drop of the nanoparticle solution was placed onto a 300 mesh size copper grid 
covered with a continuous carbon film. Excess solution was removed by a 
filter paper and the sample was dried at room temperature. 
Dynamic light scattering measurement: The hydrodynamic size of the 
QDs and NRs were measured on Malvern Zetasizer Nano ZS instrument. The 











Chapter 5 Real-Time In Vitro Detecting of Histidine Decarboxylase Gene 
from Human White Blood Samples in a Fluorescent Nanorod-based 




5.3 Results and Discussions 
Toward a universal solution for genetic detection through the 
convergence of QDs and microfluidics, we designed a microfluidic large-scale 
integration (mLSI), which is microfabricated with polydimethylsiloxane 
(PDMS) using multilayer soft lithography.2 Each device contains three 
chambers (~ 60 nL each) for total RNA extraction, reverse transcription (RT), 
solid phase polymerase chain reaction (SP PCR) and detection, respectively 
(Figure 5.3(a) and (b)). The connections of these chambers are controlled by 
micromechanical push-up valves.32 For the RNA extraction chamber and the 
SP PCR chamber, the silica matrix and polystyrene (PS) microspheres are 
packed against sieve valves (Figure 5.3(c)). For the amplification of the 
cDNA library, SP PCR was employed because of its advantages of high 
throughput, ease of operation, and specific detection.33 Thus, this technology 
allows for multiplex amplification which is crucial for multitarget detection. 
Moreover, it should be noted that the amplification and sequence detection can 
be done in one step. 
To evaluate the performance of the integrated device, we selected low 
abundant basophil granulocytes in human white blood cells as the target. It is 
known that expression patterns of granulocytes, i.e. eosinophils, neutrophils, 
and basophils, in an affected people indicate either an allergenic or 
inflammatory response to rhinitis. Basophils, which are the least common of 
the granulocytes, appear in many specific kinds of inflammatory reactions, 
particularly those that cause allergic symptoms. To probe for basophils, 
histidine decarboxylase (HDC) was selected as the target gene. In addition, 
HDC has previously been described as a good marker for neuroendocrine 
differentiation,34 inflammatory pathologies35 and highly malignant forms of 
cancer, such as melanoma and small cell lung carcinoma.36 Thus, we sought to 
develop a microfluidic tool to detect HDC directly from white blood cells that 
can be further used for biological and therapeutic investigations of basophiles 
and that this approach may be transferrable to other cell types. 
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Figure 5.3. (a) A photograph of the device: Food dyes are placed in the channels for 
visualization (Scale bar, 1 cm). Chambers for RNA extraction (yellow color), RT 
(green color), solid phase PCR and detection (red color). The control layer is filled 
with blue color food dye. The sieve valve is filled with cochineal color food dye. (b) 
Schematic illustration of the sample-to-answer analysis. First, total RNA was 
extracted from cell culture lysate with RNease silica matrix. Then, mRNA reverse 
transcribed to yield a complex cDNA library, which was amplified by SP PCR and 
the amplicon was detected by using QDs labeling. Inset: Procedure for the surface 
modifications of PS microspheres with amine-labelled reverse primer, followed by 
SP PCR and detection via biotin-SA interaction. Schematic (c) An optical picture of 
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Prior to each experiment, 1 mg/mL of bovine serum albumin (BSA) was 
loaded into the device to avoid the nonspecific adsorption of biomolecules and 
microspheres to the PDMS walls. Then, human white blood cell lysate was 
loaded to the first chamber, which was filled with silica matrix for total RNA 
extraction. The concentration of extracted total RNA was determined by using 
a NanoDrop 8000 spectrophotometer. At the second chamber, the mRNA 
reverse transcribed to yield a cDNA library. The complex cDNA library was 
used directly for HDC gene detection. Prior to SP PCR, the designed amine-
labelled reverse primer (5’-NH2C6-TTT TTT TTT TCC TTG ACC CAG 
AAC CCA GTA-3’) was immobilized on the surface of PS microspheres with 
PEG-COOH surface functional groups via 1-ethyl-3-(3-dimethylamino 
propyl) carbodiimide hydrochloride (EDC) coupling. The modified 
microspheres were then loaded to the third chamber with the presence of PCR 
mixture. The forward primer was biotin-labelled (5’-BioTEG-CTC CAC ATC 
GAT GCT GCT TA) such that the successful PCR would yield biotin-labelled 
amplicons on the microspheres surface (inset in Figure 5.3(b)). The biotin-
modified surface is capable of coupling QDs-streptavidin (SA) thereby 
generating a strong fluorescence signal (Figure 5.4 (a) and (b)). As a negative 
control, DI water was used to replace the white blood cell lysate which did not 
generate any fluorescence response (Figure 5.4 (c) and (d)). These results, 
when combined, indicate that (1) the integrated mLSI device allows the 
extraction, RT, amplification and specific detection of HDC gene from 
complex human white blood samples on a single chip; (2) the negative control 
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Figure 5.4. (a,b) Optical (a) and fluorescence (b) images of microspheres after 
performing on chip RNA extraction from white blood lysate, cDNA synthesis, 
solid phase PCR and exposing to QDs-SA, sequentially. (c,d) No template 
control (using DI water to replace white blood lysate). 
 
Next, we sought to examine whether the elongated NRs would be suitable 
for implementation in the mLSI device and used for the in vitro genetic 
detection. We modified CdSe/CdS NRs with poly(acrylic acid) and then SA 
via EDC coupling (same as the modification of QDs such that both of them 
have identical surface coating and charge as shown in Figure 5.5. We then 
measured the hydrodynamic diameter of QDs-SA (32.8 ± 3.3 nm) and NRs-
SA (42.1 ± 4.2 nm) by using dynamic light scattering (DLS). 
In order to compare NRs, QDs, and organic dye such as FITC (fluorescein 
isothiocyanate) for the in vitro gene detection, we took the fluorescence 
measurements using TECAN laser scanner at 575 nm filter for NRs and QDs 
while 535 nm filter for FITC and 488 nm laser in triplicates (Figure 5.6). The 
same RNA mixture at different quantities was added to green chamber while 
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accordance to the workflow without involving total RNA extraction and each 
experiment performed in triplicates. As shown in Figure 5.6(a) NRs, and QDs 
generated strong fluorescence intensity that could be adequately imaged with 
12.8 ng of total RNA, while the response from the FITC is relatively low. 
However, when the RNA quantity was reduced two-fold to 3.2 ng, only NRs 
yielded a fluorescence response. Additionally, the NRs exhibit stronger 
fluorescence response (Figure 5.6(b)) than FITC (Figure 5.6(c)), when the 
total RNA amount added is 12.8 ng The results indicated that NRs are more 
effective fluorophore labels compared to either than SA-QDs or the classical 

























Figure 5.5. (a) Schematic illustration of QDs and NRs. Dimensions obtained with 
TEM and the hydrodynamic diameter range obtained with DLS for the QDs and NRs 
are shown. (b) TEM images of as synthesized QDs and NRs. (c) TEM images of 
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Figure 5.6. (a) Mean intensity of microspheres after performing on chip RNA 
extraction from white blood lysate, cDNA synthesis, SP PCR and conjugating with 
NRs-SA, QDs-SA, FITC-SA, respectively. (b,c) The TECAN scanner images at 12.8 
ng of total RNA when the lables are NRs and FITC, respectively. 
 
To further evaluate the limit of detection (LOD) of the system, we 
decreased the total RNA amount from 3.2 ng to 0.4 ng. Figure 5.7 shows a 
fluorescence response for the total RNA amounts as low as 0.4 ng. Therefore, 
the detection limit of this system is at least 0.4 ng, which indicates the 
femtomoles detection limits. This high level of sensitivity and linear 
quantification is critical for quantitative assessment on pathogenic levels 
required in a POC diagnostic device. Moreover, we performed the whole 
procedure, including RNA extraction, RT to cDNA, SP PCR and detection in 
centrifuge tubes. As shown in Figure 5.7, the mean fluorescence intensities 
obtained from the tube are much lower than those obtained from the 
microfluidic chip. For example, for detection of 1.5 ng total RNA, the 
fluorescence intensity ratio of standard method using tube to microfluidic chip 
is 1:35. Furthermore, no fluorescence response was observed for the standard 
method when the total RNA amount was decreased to 0.4 ng. The higher 
efficiency of microfluidic chip for RNA detection than that of the standard 
method may be due to the following reasons: (1) the integration of multiple 
sample-processing steps on a single microfluidic chip reduces the sample loss 
and contamination. (2) the nanoliter-volume of the microfluidc chip allows for 
a drastic reduction in the volume of sample required, reduces the diffusion 
time of the reagents, and presents the possibility for increasing the efficiency 
of PCR. 
Total RNA (ng)
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Figure 5.7. Linear relationship between mean intensity of microspheres and the 
amount of total RNA with correlation coefficient R = 0.98. The detection limit was 
found to be 0.4 ng total RNA. For comparison, standard methods using centrifuge 
tube was performed. For both experiments, NRs-SA were used to conjugate with the 
biotin-labelled amplicons on the microspheres surface. 
 
As a proof of concept, the device fabricated is also designed for the 
extraction of DNA targets from bacterial lysates. Figure 5.8(a) and (b) show a 
strong fluorescence single for the positive sample, while no fluorescence 
signal for the negative sample (DI water was used to replace the lysate, Figure 
5.8 (c) and (d). Because the purity of the nucleic acid template and the 
presence of inhibitors may critically affect the PCR reactions, we collected the 
DNA elute and purified it following the QIAGEN plasmid Midi kit. The 
purified elute was then loaded to a separate chip to perform the on-chip PCR. 
Figure 5.9 features a representative electrophoresis of PCR. Lanes 1 and 2 
correspond, respectively, to the amplicons of the on-chip PCR with elute and 
purified elute. These results suggest that the elute buffer does not adversely 
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Figure 5.8. (a,b) Optical (a) and fluorescence (b) images of anti-digoxigenin-coated 
microspheres after they were conjugated with on-chip PCR amplicon and 
streptavidin-QDs, sequentially. (c,d) Optical (c) and fluorescence (d) images of anti-















Figure 5.9. Agarose gel electrophoresis. M: 1 kb DNA ladder, 1: on-chip PCR with 
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In summary, we described here the design and application of a 
microfluidic chip capable of seamlessly processing biological samples and 
carrying gene detection. This chip is capable of performing multiple tasks 
such as total RNA extraction, reverse transcription to cDNA, amplification 
and detection. It exhibited remarkable LOD attributable to the nanoliter-
volume reaction volume within the chip as well as the photophysical 
properties of the CdSe/CdS NRs fluorophore. The experimental results show 
that anisotropic nature of these NRs greatly boosts the chip’s performance on 
gene detection. This is a consequence of their higher adsorption cross-section 
compared to QDs, making them more emissive, but also their rod-like 
structure generates a higher hydrodynamic profile assuring them of more 
efficient capture onto the solid support. These factors pave the way for future 
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Chapter 6  
Conclusion Remarks 
 
In this thesis, the wet-chemical synthesis and surface functionalization of 
colloidal semiconductor nanocrystals (NCs) have been broadly explored. The 
physicochemical and photophysical properties of these NCs can be remarkably 
influenced by the surface chemistry. Thus, the impact of appropriate chemical 
surface engineering of these NCs on design and fabrication of functional 
nanomaterials for potential diagnostics applications has also been 
demonstrated. 
Silica encapsulation is widely adopted as a surface coating method to 
impart water solubility and functionality into NCs.1 In Chapter 2, the 
sequential build-up of structural complexity via selective silica encapsulation 
was employed as a means to obtaining multi-functionality in semiconductor 
nanostructures. We investigated the behavior and mechanism of silica 
encapsulation of an anisotropic semiconductor nanoheterostructure, and found 
surprisingly that under certain reaction conditions, the silica can be made to 
encapsulate specific regions of the semiconductor while leaving the rest of the 
regions exposed for subsequent chemical modification. Via this discovery, we 
demonstrated that we can preserve the fluorescence of the semiconductor 
nanoheterostructure while incorporating other physicochemical properties 
through the controlled, heterogeneous growth of another nanomaterial, 
analogous to the use of protection groups in molecular synthetic chemistry. 
We were thus able to fabricate structurally well-defined nanoparticles capable 
of dual emission at both visible and IR wavelengths, as well as particles which 
exhibit both fluorescence and strong magnetic response. Without the silica 
protection, fluorescence from the original tetrapod was always completely 
quenched. This work describes an unusual growth behavior of silica on 
anisotropic semiconductor nanostructures that were previously not known. By 
exploiting this finding, we developed a facile synthetic route which enabled an 
exquisite degree of control over the systematic build-up of multi-functionality 
in semiconductor nanoheterostructures. This would in turn facilitate the 




rational engineering of physicochemical properties of a given nanostructure, 
which will undoubtedly open up avenues in both fundamental studies on 
heterostructured nanomaterials and by way of applications. As one of the 
examples, fabrication of nanostructures with dual color emission can be 
readily achieved via the deposition of NIR emitting PbSe clusters on the 
exposed CdS arm of the partially silica encapsulated CdSe/CdS tetrapod, 
leaving the CdSe core unaffected (Figure 6.1(a) and (b)). Thus the original 
fluorescence of the tetrapod in the visible range was preserved (Figure 6.1(c)). 
However, the NIR fluorescence from the PbSe was not observed. On the other 
hand, growth of PbSe throughout the tetrapod arm without selectivity (Figure 
6.1(d)) and completely quench of the fluorescence was observed when we 
perform the same reaction on unmodified CdSe/CdS tetrapod. The preliminary 
results further demonstrate the ability of the method developed to build up 
multi-functional nanostructure in a controlled manner, although it should be 
emphasized that more work needs to be done in optimization of the reaction 














Figure 6.1. (a) Representative TEM image of  PbSe tipped SiO2-CdSe/CdS tetrapod 
nanocomposites (b) HRTEM image of a single tetrapod heterostructure, Lattice 
fringes of PbSe {002} and CdS {100} with measured d spacings of 0.31 nm and 0.36 
nm respectively are clearly observed. (c) PL spectra of the nanocomposite. (d) 
Representative TEM image of the PbSe decorated as-synthesized CdSe/CdS, showing 









A facile approach for the fabrication of monodisperse hollow silica 
nanostructures with well-defined hollow interior was developed in Chapter 3 
by utilizing semiconductor nanostructures with various morphologies 
synthesized by seeded growth technique as hard templates. Based on the 
growth mechanism of silica encapsulation over an anisotropic semiconductor 
nanoheterostructure via reverse microemulsion method investigated in Chapter 
2, the water to surfactant ratio (R) played a curial role in determine the final 
shell morphology. High R value facilitated the outline of the semiconductor 
architectures during the growth of the shell.  We thus extended the 
conventional silica encapsulation methods for spherical NCs to the anisotropic 
semiconductor nanostructures such as nanorod and tetrapod. Excellent control 
over the shell morphology was achieved by varying the concentration ratios of 
precursors used for the silica shell encapsulation, resulting in uniform SiO2-
NC nanocomposites with overall shapes range from sphere, rod, tetrapod to 
prism, which is not easily achieved by the convention direct synthetic strategy.  
The anisotropic hollow silica nanostructures were subsequently formed by 
chemically etching away the semiconductor templates using nitric acid 
without affecting the silica shell, resulting hollow interiors with defined 
geometry from the templates. As the density of the innermost layer of the 
silica shell is lower due to a lower degree of silica cross-linking,2 we further 
demonstrated good control over the volume of the hollow interior via 
selectively etching the inner part of the silica shell using HF. The 
biocompatibility and porosity of the resulting hollow silica structure has been 
assessed, suggesting these hollow silica nanostructures have good potential to 
be used as nano-carriers for drug delivery. In recent years, there is increased 
recognition of the effect of carrier shape on their cellular internalization3 and 
circulation behavior,4  The diverse shapes of SiO2-NC composite and silica 
hollow structure fabricated through the method developed provide a wide 
range of models for further study the shape effect of nanoparticles on drug 
delivery. Both the silica coated spherical dots and tetrapod were successfully 
internalized in the HeLa cells as shown in Figure 6.2. More detailed study can 
be further carried out to assess the behavior of these particles in cell uptake 
such as uptake rate, mechanism of internalization, fate of particles. 













Figure 6.2 – Confocal Laser Microscopy images after superposition of bright field 
image with fluorescence image showing internalization of silica coated (a) spherical 
CdSe/CdS  and (b) CdSe/CdS tetrapod  into HeLa cells  
 
Amphiphilic polymer encapsulation is another widely used NC surface 
modification strategy to provide colloidal stability of the NCs in aqueous as 
well as incorporate surface functional groups for further conjugation. This 
results in relatively smaller size and higher quantum yield of NCs compared to 
that of the silica coated NCs.4 An octylamine modified polyarylic acid was 
synthesized and employed to impart water dispersity to both spherical and 
anisotropic NCs. Introduction of carboxyl group on the NC surface facilitated 
the further conjugation of the NC to a diverse library of molecules such as 
streptavidin, which was verified by agarose gel electrophoresis. 
In Chapter 4, monofunctional NCs and NC dimers were successfully 
fabricated through a stepwise surface engineering of NCs, employing the 
streptavidin coated NCs as a building block. This approach started with the 
immobilization of the streptavidin coated NCs onto a microsphere through a 
biotinylated DNA that hybridized with a complementary strand previously 
coupled on the microsphere surface. Based on the density of the functional 
group on the microsphrere and the size of the NC, the binding of each NC to 
the surface is most likely via a single dsDNA. The remaining free-binding 
sites of the streptavidin were effectively blocked via exposing the NC-
microspheres to excess amount of biotin. Release of the NC from the 
microsphere surface and introduce of functional group to each NC were 
accomplished through a competitive hybridization with a secondary DNA 
strand modified with azide or hexynyl at the end, resulting the attachment of a 
(a) (b) 




single functional group to each NC, i.e. monofunctional. The monofunctional 
NCs released were well dispersed in aqueous with uniform size distribution 
and almost identical optical properties compared with the original streptavidin 
coated NCs.  Fabrication of semiconductor NC dimers was achieved through 
the Cu(I) catalyzed azide-alkyne cycloaddition reaction, i.e. click reaction,  to 
covalently link the DNA strands on each NC, resulting in a relatively high 
yield of dimer without post purification. The purity of the dimer in the product 
can be further improved via optimization of the click reaction condition. We 
seek to extend this synthetic strategy to develop specific dimer between a 
great variety of nanoparticle such as iron oxide, gold, PbSe nanoparticle, and 
nanorod to create multifunctional nanocomposite with define stoichiometry, 
which can be used in various applications such as quantitative diagnostic and 
multimodality imaging.6 
The streptavidin coated NCs were further used as a fluorescence label and 
coupled with a microfluidic chip to perform the on chip detection of 
histidinedecarboxylase (HDC) gene from human white blood cell as described 
in Chapter 5. A microfluidic platform was designed and fabricated based on 
the multilayer soft lithography technique, allowing for integration of 
components such as pneumatically activated valves and chambers capable of  
performing multiple tasks including total RNA extraction, reverse 
transcription (RT), solid phase polymerase chain reaction (SP PCR) and 
fluorescence detection. When the elongated CdSe/CdS nanorods were used as 
the fluorescent probes, the detection limit is found to be low to 0.4 ng of total 
RNA, which is much lower than those for spherical quantum dots or organic 
dye. The remarkable LOD achieved was attributed to the combination of the 
extremely small reaction volume in the microfluidic chip and the excellent 
photophysical properties of the CdSe/CdS NRs. Higher adsorption cross-
section makes the NRs to exhibit higher quantum yield compared to QDs, This 
type of integrated microfluidic chip, when combined with fluorescence NCs, 
may pave way for the future applications such as multitarget medical 
diagnostics. In order to improve the performance of the detection scheme for 
medical diagnosis, we seek to design an new chip that is capable of 
simultaneously detection of several targets in parallel. As demonstrated in 




Figure 6.3 with different colors, the parallel chambers created are able to be 
loaded with different reagents individually, which allows simultaneously 
detection of multiple samples in a single device while maintaining the 










Figure 6.3. A digital photograph of the device designed for multi-target detection: 
Food dyes are placed in the channels for visualization. Chambers for RNA extraction 
is illustrated with blue color, chambers for reverse transcription for 3 different targets 
are filled with red, brown and yellow color, respectively, chambers for solid phase 
PCR and detection for 3 different targets are shown in orange, blue and green color 
respectively. Each control line is filled with purple color.  
 
 
Our results have so far established several surface engineering processes 
in the controlled constructing various functional nanocomposites for possible 
application in diagnosis. We hope that future studies proposed will be able to 
expand on the present models to derive nanostructures of greater complexity 
and functionality for more diverse applications or remarkably improve the 
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Materials and Regent:  
Albumin from bovine serum (BSA, >98%, Sigma Aldrich) 
AZ 50XT photoresist (AZ Electronic Materials) 
Cadmium acetylacetonate (Cd(acac)2, ≥99.9%, Sigma Aldrich)  
Cadmium oxide (CdO, 99.5%, Sigma Aldrich) 
Copper(II) nitrate hemipentahydrate (Cu(NO3)2·2.5H2O, 98%, Sigma Aldrich) 
Copper(II) sulfate pentahydrate (CuSO4·5H2O, 99.999%, Sigma Aldrich 
Diisooctylphosphinic acid (DIPA, ~90%, Sigma Aldrich) 
Dodecylamine (DDA, 98%, Sigma Aldrich)  
Dimethylformamide (DMF 99.8%, Sigma Aldrich) 
1-Hexadecylamine (HDA, 90%, Sigma Aldrich) 
1,2-Hexadecanediol (HDDO, 90%, Sigma Aldrich) 
n-Hexylphosphonic acid (HPA, 97%, Strem) 
Hydrochloric acid (HCl, 37%, Sigma Aldrich) 
Igepal CO520 (Sigma Aldrich)  
Iron pentacarbonyl (Fe(CO)5, 98%, Sigma Aldrich)  
Myristic acid (MA, 99%, Sigma Aldrich)  
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC,         
≥98.0%, Sigma Aldrich) 
2-(N-morpholino)ethanesulfonic acid (MES, ≥99.5% Sigma Aldrich) 
1-Octadecene (1-ODE, 90%, Sigma Aldrich) 
n-Octadecylphosphonic acid (ODPA, 97%, Strem)  
Oleic acid (OA,90%, Sigma Aldrich),  
Oleylamine (OLAm, technical grade, 70%, Sigma Aldrich) 
PDMS Sylgard 184 (Dow Corning) 
Potassium gold(III) chloride (KAuCl4, 99.9%, Sigma Aldrich)  
Poly (acrylic acid) (PAA, average Mv ~2000, Sigma Aldrich) 
Selenium (Se, 99.99%, Sigma Aldrich)  
Silver nitrate (AgNO3, 99.9%, Alfa Aesar)  





Sodium hydroxide (NaOH, BioXtra ≥98%, Sigma Aldrich) 
Sulfur (S, reagent grade, Sigma Aldrich) 
SU8-2025 photoresist (MicroChem) 
Streptavidin (LifeTechnologies) 
Tetraethoxysilane (TEOS, 99+%, Alfa Aesar)  
Trioctylphosphine oxide (TOPO, 99%, Strem) 
Trioctylphosphine (TOP, 97%, Strem)  
Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA, 95%, Sigma Aldrich) 
Tween 20 (BioXtra, Sigma Aldrich) 
Zinc acetylacetonate (Zn(acac)2, 99.995%, Sigma Aldrich) 
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